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SUMMARY
The mechanism o f Rn so lu tion in groundwaters has been studied 
in both laboratory simulations and in f ie ld  s itua t ions . The e f fe c t  of 
sporadic and seasonal changes in ra in fa l l  patterns on the Rn contents 
o f perennial springs in the Mendip H i l l s  has been investigated. The 
separate con tr ibu tions of surface streams, so i l  zone residence and per­
co la tion  w ith in  the rock formation have been id e n t i f ie d .  The re la t iv e  
importance o f f is su re  or conduit and percolation flow in the aqu ife r 
have been shown to determine the nature o f  the response o f Rn content 
to ra in fa l l  patterns.
An examination o f the Rn contents o f a i r  in limestone caverns 
has established tha t in te rg ranu la r d if fu s io n  o f Rn from below the 
rock surface is  the primary reason fo r  Rn release in to  the a i r  space.
Rn transport and release from stream inflows is  r e la t iv e ly  unimportant. 
Experimental determinations o f the Rn d if fu s io n  c o e f f ic ie n t  in rock 
sections have shown tha t such in te rg ranu la r d if fu s io n  is  much more 
s ig n if ic a n t  than in tragranu la r d i f fu s io n .
Laboratory studies o f Rn release from fragmented rock samples 
have been used to determine the e f f ic ie n c y  o f radon release fo r  d i f f ­
erent rock types. These studies have also confirmed tha t in te rg ranu la r 
d if fu s io n  is  an important process by which groundwaters acquire high 
Rn contents.
The Ra content o f geothermal groundwaters from Iceland have been 
determined. The Ra and U contents o f c a lc i te  deposits from various 
depths w ith in  these geothermal systems are discussed in re la t io n  to 
changes in the Ra geochemistry.
Rn contents have also been determined fo r  groundwaters from the 
Berkshire Chalk and are shown to  be dependent upon the extent to  which 
porewater mixing has occurred.
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C H A P T E R  1
I N T R O D U C T I O N
1.1 Discovery and h is to ry  o f ra d io a c t iv i ty
The phenomenon o f ra d io a c t iv i ty  was discovered less than 100 years 
ago. I t  was discovered by Bequerel when investiga ting  flourescence in 
uranium compounds. He found tha t these compounds emitted rad ia tion  which 
fogged a photographic p la te , even then they had been kept in the dark 
fo r  several months.
In 1898, Marie Curie noticed tha t thorium and i t s  sa lts  also had 
these properties, she also made the important observation tha t some 
uranium ores such as Pitchblende were fa r  more active than the pure sa lts  
o f these elements. She postulated tha t th is  a c t iv i t y  was due to unknown 
substances present in the ore. The search eventually led to the d is ­
covery o f two near active elements, radium and polonium. Bequerel named 
th is  phenomenon " ra d io a c t iv i ty "  on the basis o f the emission of radium
In 1899 Rutherford reported tha t the rad ia t ion  emitted by rad io­
active substances consists o f three d i f fe re n t  components which he named 
alpha, beta and gamma. The alpha component was eventually shown to 
consist o f helium ions. By magnetic d ife c t io n  experiments, Rutherford 
showed tha t the charge/mass ra t io  o f beta rays was the same as tha t o f 
the e lec tron , and in fa c t  beta rays are simply energetic e lectrons.
Only the gamma rays proved to be electro-magnetic waves, l ik e  x-rays in 
character, but o f greater energy.
Spontaneous emission o f  a, 6 and y rays was proved to be an 
atomic ra ther than a molecular phenomenon. In general terms, the decay 
rate is  not effected by the chemical environment o f the active atom and 
has not been influenced by var ia tions  o f temperature and pressure. In 
1903 Rutherford and Soddy, a f te r  a long inves tiga tion  formulated the
fundamental laws o f ra d io a c t iv i ty  and published th e i r  conclusions tha t 
ra d io a c t iv i ty  involved the spontaneous change o f the atoms o f one element 
to form atoms o f another element.
1.2 Decay mechanisms o f unstable nuclei
Spontaneous transformations o f unstable atoms tha t involve the 
emission o f p a rt ic les  and electromagnetic rad ia tion  can occur in several 
d i f fe re n t  ways. Radioactive decay resu lts  in changes o f Z (atomic number) 
and N (neutron number) o f the parent and thus transformation o f th is  
element to another element. The new element may i t s e l f  be rad ioactive .
I f  the daughter is  also radioactive i t  w i l l  decay to produce another 
element. This process continues u n t i l  at la s t  a stable atom is produced. 
Nuclei change spontaneously in the d ire c t ion  o f greater s t a b i l i t y  by 
losing energy in the process. This energy can appear in a va r ie ty  o f 
ways, by emission o f a -p a r t ic le s ,  6-p a r t ic le s ,  y-ray or decay to spon­
taneous f is s io n .  Such energy is  ca lled the decay energy or Q-value fo r  
the decay. The Q-values fo r  d i f fe re n t  decay processes range from less 
than 0.1 Mev to more than 10 Mev, and the major part o f i t  is  carr ied 
by the emitted rad ia tions.
1.2.1 Alpha decay
The alpha p a r t ic le  was id e n t i f ie d  as a zHe nucleus by Rutherford, 
and i t  is  c lear tha t i f  a nucleus emits an alpha p a r t ic le  i t  loses two 
un its  o f charge and fou r un its  o f mass. For example, the alpha decay of 
can be w rit te n  as:
m \ i  ->2|STh + %He++
In fa c t the alpha p a r t ic le  is  held inside the nucleus by the a t t ra c t iv e  
nuclear forces. In very heavy nuclei such as the energy a r is ing  
from these forces is  numerically smaller than the repulsive coulomb po­
te n t ia l .  The potentia l energy o f the alpha p a r t ic le  increases when the 
alpha p a r t ic le  moves to ju s t  outside the nucleus, while the a t t ra c t iv e  
nuclear forces disappear. Then the energy o f the alpha p a r t ic le  decreases 
when i t  passes the coulomb b a rr ie r .  In f ig u re  1.1 th is  va r ia t ion  fo r  
decay is  shown and i t  can be seen th a t ,  in order to  pass through 
the coulomb b a rr ie r ,  the alpha pa rt ic les  need an energy about 22 Mev in 
only 4.28 Mev o f energy is  released w ith the alpha decay of 
and i t  mainly appears as k in e t ic  energy o f the emitted alpha p a r t ic le .
The p ro b a b il i ty  fo r  such a process and therefore the l i fe t im e  fo r  alpha 
decay depends on the height o f the coulomb b a rr ie r  which the alpha par­
t i c le  must penetrate and therefore on the nuclear radius R beyond which 
the repulsive coulomb po ten tia l is  not neutra lised by the a t t ra c t iv e  
nuclear forces.
U ntil 1929, i t  was thought tha t each a-em itt ing species had only 
one a -p a r t ic le  energy associated with i t .  La ter, f in e  s tructure in a-ray 
spectra was demonstrated with high reso lu tion  instruments. The a -p a r t ic le s  
emitted from a s ingle nuclide do not always have the same energy.
The spectrum of a -p a r t ic le s  from ThC (^^^B i) ,  is  shown in Figure 
1.2. In the case o f th is  nuclide, there are f iv e  possible a -p a r t ic le  
energies.
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Figure 1.1 Emission of a -par t ic les  for  decay by tunneling the





Figure 1.2 Fine s tructure o f a -p a r t ic le  level scheme showing y-ray 
t ra n s it io n  energy.
a-energies in te n s it ie s y-energies percentage 
per energy level
6.09 27.2 - -
6.05 69.9 0.039 100
5.77 1.67 0.288 71
5.62 0.15 0.473 67
5.60 1.08 0.453 94
Table 1.1, Fine s truc ture  o f a -p a r t ic le  and y-ray emission in  the
zi^Bi 2 0®T1 t ra n s i t io n .
The a-decay f in e  s tructure can be explained as a consequence o f 
d i f fe re n t  energy states o f the nucleus. Just as the atomic electron 
s tructure  can have configurations of d i f fe re n t  energy content, so the 
nucleus may have d i f fe re n t  configurations each with i t s  own associated 
energy and a daughter nucleus can be created e i th e r  in the ground sta te  
or in an excited s ta te . The excited states may drop e ith e r  d i re c t ly  to 
the ground s ta te , or may pass through lower excited states to the ground 
state with the emission o f a series o f y-rays.
Alpha p a r t ic le s ,  in passing through matter lose most o f th e i r  
energy by in te rac tion  with electrons. The range o f alpha p a r t ic le s  is  
about 3-5 cm in a i r .
1.2.2 Beta decay
According to a theory by E. Fermi tha t was published in 1934, 
beta decay can be regarded as a transformation o f a neutron in to  a pro­
ton and an e lectron. Consequently, the daughter o f a 3-decay radioactive 
parent is  i t s  isobar. The 3-p a r t ic le s  emitted by a nuclide have a con­
tinuous energy d is t r ib u t io n  extending from zero up to a maximum value. 
Typical shape of 3-spectra are shown in Figure 1.3. The average 
3-energy is  about one-th ird  o f the energy maximum. There are three 
d i f fe re n t  kinds o f beta decay process:
1. Negatron emission (negative e lec tron ).
2. Positron emission.
3. Electron capture decay, in which the nucleus captures 
an electron from the electron cloud o f the atom.
1.2.3 Gamma ray
This mode o f decay is  d i f fe re n t  from the others because i t  does 
not involve any change in e ith e r  Z or N. This happens when a nucleus in 
a higher energy state (excited state) drops to the ground sta te  or to a 
lower excited s ta te . The energy d iffe rence is  emitted as an e le c tro ­
magnetic quantum ca lled  a gamma ray. Gamma rays with energies between 
about 10 Kev and about 7 Mev have been observed in rad ioactive processes. 
The Y-rays are the most penetrating components o f the natural rad ia t io n .
As mentioned e a r l ie r  in section 1 .2.1, y-ray emission occurs by 
de -exc ita t ion  rap id ly  ( 10” ®̂ - 10"^® seconds) a f te r  alpha or beta decay, 
as i l lu s t r a te d  in f igu re  1. 2 .
1.2.4 Spontaneous f is s io n
This mode o f decay only occurs amongst the heavy elements. The 
nucleus s p l i t s  in to  two approximately equal parts and releases a large 














Figure 1.3 Schematic representation o f the energy d is t r ib u t io n  o f 3-ray 
from a radioactive source (a f te r  Benedict).
Bohr and Wheeler explained f is s io n  reactions by postu la ting tha t 
the nuclei o f heavy atoms behave l ik e  drops o f l iq u id  which assume a 
spherical shaope because o f surface tension. Such a nucleus should break 
up in to  two fragments instantaneously ( in  a time comparable to a nuclear 
v ib ra t io n  period = 10"^°seconds, i f
72
^  ^ 46.6
the condition fo r  a measurable l i fe t im e  fo r  spontaneous f is s io n  can be 
expressed as:
^  ^ 46.6 (Burcham, 1973)
The mass d is t r ib u t io n  in f is s io n  is  shown in Figure 1.4. For the 
maxima in atomic mass are around A = 95 and 140, and there is  a deep 
trough between them centred on A = 118 tha t represents symmetric f is s io n .
1.3 Exponential decay o f a sing le radio nuclide
The exponential law o f decay is  ch a ra c te r is t ic  o f a l l  rad ioactive 
processes. I t  describes the disappearance by decay o f sh o rt- l ive d  un­
stable p a rt ic le s  and excited states as well as o f long-l ived  rad ioactive 
elements. I f  there are N atoms, the rate o f decay is  - dN/dt, which is  
set proportional to the number o f atoms present:
-dN/dt = XN (1.1)
The constant X is  known as the d is in teg ra tion  constant and has dimensions 
o f reciprocal time.
A fte r  in teg ra tion  o f equation 1.1,
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Figure 1.4 The mass d is t r ib u t io n  in f is s io n  fo r  and 
(a f te r  Benedict).
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a t time t  = 0, N = No and the constant o f the in tegra tion  becomes
a = InNo (1.3)
The combination o f these terms resu lts  in
ln(N^/No) = xt or N̂ /No = ( 1.4)
The a c t iv i t y  reaches one h a lf  i f  i t s  i n i t i a l  value, a f te r  a ce rta in  
time tha t is  ca lled 'h a l f  l i f e '  (T^). Therefore, a t the time t  = t^  
equation 1.4 where N = No/2 becomes
InJ = -X t j  ^  " ^ 4 ^  (1 .5)
A l l  known radioactive species have been found to decay in th is  manner, 
and the h a l f - l i f e  (T^) is  characte ris ic  of the p a r t ic u la r  rad ioactive 
substance. Another parameter tha t is  sometimes used to describe the 
decay o f a radioactive species is  the mean-life , defined as the average 
l i f e  o f  a radioactive atom:
i t  is  longer than the h a l f - l i f e  by the fa c to r  .
In practice the a c t iv i t y  of rad ioactive materia ls is  usually  
measured, which is  the quantity  proportional to  absolute a c t i v i t y  or 
d is in te g ra t io n  rate = XN.
A = CXN
C o e ff ic ie n t C, is  the detection c o e f f ic ie n t  which depends on geomet­
r ic a l  arrangement o f sample and e ff ic ie n cy  o f the p a r t ic u la r  instrument 
used.
1.4 Growth o f a stable daughter
Equation (1.4) gives the number o f rad ioactive parent atoms (N^)
12
tha t remain a t any time t  o f an o r ig ina l number o f atoms (N̂  ) tha t were 
present when time was t  = o.
Nt = Nq e-At
For the ca lcu la t ion  o f the rate o f growth o f daughters from rad ioactive 
parents, f i r s t  l e t  us assume tha t the decay o f a radioactive parent pro­
duces a stable daughter, the number o f daughter atoms, N^, produced at 
any time t  is  given by
Nd = No -  " t  (1-7)
by su b s t itu t in g  equation (1.4) in equation (1 .7 ) ,
Nj = Ng (1 -  e -A t )  = .  , )  ( 1 .8 )
1.5 General equations fo r  series decay
I t  may be tha t daughter nucleus (Ng) which is  formed as the re su lt  
o f  the decay o f the parent nucleus (N i) ,  is  i t s e l f  rad ioactive w ith i t s  
own decay constant, which decays to a second daughter ( N 3 ) ,  the rate of 
decay o f the parent is :
For the daughter, the rate o f decay is  now increased by the decay o f the
parent as well as decreased by i t s  own decay, thus:
= X iN i  -  X2 N2 ( 1 . 9 )
where Xi and X2 are the decay constant o f parent and f i r s t  generation
daughter, respective ly .
By su b s t i tu t in g  the value from equation (1.4) in to  equation (1 .9 ) ,
dN.^  + X2 N2  -  XiN? e - % i t  = 0 ( 1 . 1 0 )
13
By solving th is  l in e a r  d i f fe re n t ia l  equation (Friedlander and Kennedy), 
we obtain
N2 = , N? + N? (1.11)
A2 - Ai
The f i r s t  term of th is  equation gives the growth o f daughter from the 
parent and the decay o f th is  daughter, and the second term shows the 
number o f  atoms o f N2 tha t remain from an i n i t i a l  number Ng. Bateman 
(1910) has given the so lu tion fo r  the general case o f a rad ioactive 
decay series.
N i  N2 1N3 ....................
This so lu tion  is
+   C^e'^n^ (1.12)
where , , ,
 ̂ ( X 2 “ X i ) ( X 3 “ X i ) . . . . ( X ^ - X i )  ^
X 1 X 2 . . . .  X^  ̂  Q
(X i-X2)(X3-X i). . . .(X^-X2) ^ *
In th is  so lu t ion , i t  is  assumed that i n i t i a l l y  only the parent was pre­
sent, th a t is ,
N2 = N? =  N° = 0
As is  shown in f ig u re  l . b ,  Ng a tta ins  a maximum. This maximum can be 
calcu la ted by equaling to zero in equation (1 .9 ) ,  the re fo re ,
L (X1/X2 )
t  max = ---------------  (1.13)
X 1 - X 2
equations (1.9) and (1.12) state a general case of decay series.
= X i N i  -  X 2 N 2













Figure 1.5 Decay and growth o f a radioactive series (adapted from Kaplan)
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But in p a r t ic u la r  conditions these equations can be fu r th e r modified by 
comparing the decay constant of parent and daughter.
1.5.1 Radioactive e q u i l ib r ia
a. Transient equilib rium
In a special case in which Xi < Xz, the parent has a longer h a l f -  
l i f e  than i t s  daughter. Such a condition can establish a radiochemical 
equ il ib r ium  which is  known as trans ien t equ ilib r ium . As a consequence 
of trans ien t equ il ib r ium  a f te r  a s u f f ic ie n t  time, the ra t io  o f d is in te ­
gration rates o f parent and daughter become constant. This can be re ad ily  
seen from equation ( 1. 11) a f te r  large values o f time.
Nz = + N?e’ ^zt
A2"Ai
i f  Ai<X2 then e w i l l  approach zero fas te r  than e as time increases 
The e is  ne g lig ib le  compared with e also term N?e becomes 
n e g l ig ib le .
Then N2 = (1.14)A2-A1
According to equation Ni = N?e"^^
W  = A  "  constant (1.15)
b. Secular equil ib rium
I f  Xi<X2 where the h a l f - l iv e s  o f parent nuclides are much longer 
than th a t o f th e i r  daughters and the number o f parent atoms does not 
decrease measurably during several h a l f - l iv e s  o f the daughters, the 
equation (1.15) can be fu r th e r  modified by introducing the approximation 
tha t X2-X1 = X2 ,
Thus r  =1̂2 Ai
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This s i tu a t io n  is  i l lu s t ra te d  in f igu re  1.6, where the a c t iv i t ie s  o f 
parent and daughter are p lo tted  as funcitons o f time ( h a l f - l i f e  o f 
daughter nucleus).
A sho r t- l ive d  daughter grows a t a rate determined by i t s  own 
decay constant u n t i l  i t  reaches an a c t iv i t y  equal to tha t o f i t s  parent. 
Curve(aJrepresents the to ta l a c t iv i t y  o f purefied parent f ra c t io n  that 
increases w ith time before achieving equ ilib r ium  with i t s  daughters.
Curve (b) a c t i v i t y  due to parent equal to to ta l  a c t iv i t y  o f  daughter 
a f te r  equ il ib r ium .
Curve (c) decay o f  daughter fra c t io n  fre sh ly  iso lated from parent.
Curve (d) ind icates the a c t iv i t y  growth o f generated daughter in fresh ly  
purefied parent f ra c t io n  where Ni, Nz, N3 represent a c t iv i t y  o f  parent,
daughter and second generation o f stable daughter respective ly .
For tra ns ien t equil ib rium  cases, when radioactive daughter 
reaches a maximum, time can be calculated by using equation (1 .13). But
in case o f secular equ il ib r ium  time t  is in f i n i t e .
1. 6  Natural radioelements
R ad ioactiv ity  was f i r s t  observed as a phenomenon occuring in 
nature and i t  was the discovery o f natural uranium, and up to 1934 the 
only rad ioactive  substance known were the natural ones.
The radioelements which have survived in nature since the elements 
were formed, can be c la s s i f ie d  in to  two groups, the f i r s t  includes a 
number o f  ind iv idua l nuclides lower down in  the periodic ta b le , such as 
^°V, *?Rb, a l l  b e ta -p a rt ic le  emitters w ith h a l f - l i f e  o f 1.277x10*,







Tim e ( T /T  )
(a)< total activity of an initially pure parent fraction;
(fc) activity due to parent = «); this is also the total daughter activity in parent-plus- 
daùghtér fractions ; 
ifi) decay of freshly isolated daughter fraction 
iH) daughter activity growing in freshly purified parent fraction.
f i g u r e  1 .8  S ecu lar equilibrium.
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group includes three heavy radioelement series w ith atomic numbers 
greater than 83 (Bismuth). These series consist o f uranium/radium, 
uranium/actinium, and thorium. Sometimes these series are also rep­
resented by th e i r  mass number. Therefore the uranium/radium series is 
known as (4n+2) series, and uranium/actinium and thorium are ca lled  
(4n+3) and (4n) series respective ly . An atom of any one o f the parents 
of these se r ies , w i l l  undergo a series o f alpha and beta decays u n t i l  i t  
eventually becomes a stable isotope of the element lead, by a d i f fe re n t  
pattern fo r  each series.
2 3*U + 8a + 66“ zoGpb
2 3 -> 7a + 46“ zo7pb
232Th -> 6a + 46“ ^°®Pb
The members o f these three series are l is te d  in tables 1 to  3 in 
appendix A
In most of the d is in teg ra tion  processes tha t make up a rad ioactive 
series, each o f the radionuclides break up in a d e f in i te  way, g iv ing 
one alpha or b e ta -p a rt ic le  and one atom o f the product nuc lide, but as 
i l lu s t ra te d  in tables 1 to 3 in appendix , ^^^Po, ^^‘*Bi and ^^°Bi in 
uranium series: ^^^Ac, ^ispo and z^ ig i in  actinium series and ^^®Po, 
zi^Bi in thorium series , atoms can break o f f  in two d i f fe re n t  ways 
g iv ing two d i f fe re n t  products and f i n a l l y  i t  w i l l  be seen from the 
fo llow ing  diagram tha t the product atoms decay themselves to  give the 





1.6.1 Growth and decay o f radium-radon daughter
Each o f the three natural radioactive decay series contains an 
isotope o f the ine rt-gas , Rn, in the decay chain. These in e r t  gas iso ­
topes are ^z^Rn.(3.8235 d ) ,  2:°Rn.(55.6 S) and Rn.(3.96 S), and they
are daughter products o f ^®^Th and respective ly . These
isotopes, because o f th e i r  inert-gas character, can be eas ily  iso la ted 
from th e i r  parents by the de-emanation method.
The most important radionuclides which occur in rocks and con­
sequently in groundwaters, are in the and ^®^Th series ( Is ra e l ,
1962). In 222Rn recovery, ^^®Rn (thoron) may also be recovered but 
because o f i t s  short h a l f - l i f e  i t s  a c t iv i t y  would disappear very qu ick­
ly .  Radon was discovered in 1900 by Dorn, who called i t  radium eman­
a tion . Ramsay and Gray determined i t s  density (9.73 g/1) and found i t  
to be the heaviest known inert-gas with a melting point o f (1 - 71°C) 
and b o i l in g  point o f (-61.8°C). has a s o lu b i l i t y  o f 510 cmf/l
in cold water at a p a r t ia l  pressure o f 1 atmosphere (C.R.C. 56th). The 
successive decay products o f ^^®Ra and ^^^Rn are l is te d  in table 1.2
The f i r s t  four decay products o f  zzzRn have h a lf  l ive s  which are 
less than 30 mins. These decay in to  the long-l ived  radionuclide ^^®Pb, 
which has a h a l f - l i f e  o f 22 years. Long-lived products in the middle 
o f a chain act as chain-breakers and block the production o f  the la te  
members. The e q u i l ib r ia  which occur have been discussed in section 1 .5 .1 .a 
The energies fo r  decay o f ^^®Ra and i t s  daughter are i l l u s t r ­
ated in  f ig u re  1.7. The horizontal l ines represent the energy leve ls .
The exc ita t ion  energies re la t iv e  to the respective ground states are 
indicated fo r  each radionuclide. The a decays are indicated by two 
ve r t ic a l  l in e s ,  and 3" decays are represented by an oblique l in e  to the 
r ig h t ,  y t ra n s it io n s  are shown by ve r t ica l l in e s ,  and the y energy are
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Figure 1.7 Decay scheme of
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Table 1.2 The main sequence o f decay products o f ^^®Ra
Number
Type o f o f atoms
Isotope rad ia tion  H a l f - l i f e  per 100 pCi
: : * R a a 1620y 2 . 7  X 10“
: : : R n a 3 .82d 1 .7  X 10®
218po a 3.05m 9.77X  10=
B.Y 26.8m 8 . 5 8  X 10®
zi^Bi 3,Y 19.7m 6 . 3  X 10®
21Upo a 164ps 8 . 0  X 10"**
210pb 3 22y 3 . 7  X 10®
210bt 3 5d 2 . 3  X 10®
210po a 138d 6 . 3  X 10^
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given by the energy differences between these leve ls . The a p a r t ic le  
energies fo r  the t ra n s i t io n  to the ground state are given togther w ith 
th e i r  abundances (%).
Some o f these isotopes have two a lte rna t ive  modes o f decay.
Both a and 3 decays are generally followed by y-ray emission. In the 
case o f ^8i T1, almost a l l  the 3" decays are to the excited state o f 
^szPb a t 3.51 Mev, and the 3" t ra n s i t io n  d i re c t ly  to the ground state 
is  not observed. For ^JaBi, a-emission always resu lts  in the f i r s t  or 
second excited state o f ^s fT l.
In uranium minerals the daughter products are present in  very 
small quan t it ie s . For example, in one tonne (1000 kg) o f natural uranium 
(99.3%^®®U) in equ il ib r ium  with i t s  daughters, only 0.4g o f ^^®Ra and 
small amounts o f the sho rte r- l ived  daughter are present. In table 1.2 
the masses o f various nuclides which converted to an a c t iv i t y  o f 100 
pCi are l is te d .  The separation o f such small quantit ies  can be chemi­
c a l ly  d i f f i c u l t  but the occurence o f Rn as an inert-gas fa c i l i t a te s  i t s
separation. Rn can be pumped o f f  from the parent and allowed to decay.
Equations which describe the growth o f a c t iv i t y  o f each decay 
product in a source o f pure radon, can be derived from the basic p r in ­
c ip les  mentioned in section 1.5.
The ingrowth o f a c t iv i t y  (A) o f  each sho rt- l ived  decay product 
o f z22Rn has been calculated by Evans (1966) using the fo llow ing 
equations:
where ^^**Pb a c t iv i t y  a f te r  time t  is  given by
*b = *Rn(' - i r z i -  e " ' * '  - (1.18)
D a a b
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and fo r
- X b t . ^ a _  A _ e - ^ c M  (1.19) 
^a-^c ■ ^b-^c
The subscripts Rn, a, b, c, and c ' ind ica te ^^^Rn, ^^®Po, ^^**Pb, 
z i^B i,  z i 4po respective ly . The numerical values o f the mean-lives 
( t  = 1/X) o f radionuclides ^®̂ ®Po, ^^**Pb, ^^**Bi, ^^**Po are substitu ted 
in to  equations 1.17 through 1.19.
Then fo r  ^^®Po, ^
^  ®
fo r  ^ *̂*Pb - “ 30 g
\  + 0.218e - 1.128e
fo r  ^^**Bi - - 35 g
\  = Ap^d - 0.0235e - 4.2594e +
_ t  
3.2829e ^8.4)
Because o f the very short h a l f - l i f e  o f ^®̂ **Po, then the a c t iv i t y  o f 





Groundwater is  defined as water which is  stored in a porous geo­
log ica l s truc tu re , or aqu ife r. The aqu ife r is  c la s s i f ie d  as "uncon­
fined" i f  i t  is  exposed a t the surface or is  overla in  by other permeable 
s tra ta .  A "confined" aqu ife r is  one which is overla in  and underlain 
by impermeable s tra ta . Water movement in an aquifer may occur through 
pores or in te rs t ice s  ( i n t e r s t i t i a l  flow) or through fissures or f ra c ­
tures ( f ra c tu re  f low ). In karst systems, so lu tion along in tersections 
o f jo in ts  and bedding planes may form pathways fo r  water movement 
(conduit f low ).
The primary porosity  o f an aqu ife r is  the percentage o f in te r ­
s t i t i a l  void space w ith in  i t .  This is generally somewhat less than 
the i n t e r s t i t i a l  space a t the time o f sedimentation due to modification 
by compaction and cementation processes. The secondary porosity  is 
tha t due to subsequent fra c tu r in g  and so lu tion or erosion processes 
w ith in  the aqu ife r.
The rate o f movement o f groundwater in an aqu ife r depends upon 
i t s  perm eability . This is  a function o f i t s  po ros ity ; s tructure  
and the geological h is to ry  o f  the material (Wilson, 1970). Grain 
packing plays a major part in co n tro l l in g  the primary poros ity  o f  a 
sediment. Graton and Fraser (1935) showed tha t th e o re t ic a l ly  there 
are s ix  possible packing geometries fo r  spheres o f uniform size. These 
range from the "cubic" s ty le ,  w ith a theore tica l poros ity  o f  48% to the 
close packing w ith a theore tica l poros ity  o f  26%. These two extreme 
ways o f  packing spherical grains shows is  Figure 1.8 tha t the p r i ­
mary poros ity  may decline by consolidation and compaction a f te r  a sedi­








Figure 1.9 I l lu s t ra t io n  f  i s o t r o p i c  and anisotropic concepts in
aquifer properties.
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Taylor (1950) has shown that by increasing the number o f contacts per 
grain from 1.5% to 5% by increasing the depth o f b u r ia l ,  poros ity  can 
decline from 35% to 1%. A ll  porosity has not been lo s t  by pressure 
so lu t ion , but in fa c t ,  i t  is  lo s t  by extensive secondary quartz 
cementation. (S ipp le , 1968). The poros ity  and permeability may be 
defined to be isotrop ic  or may be markedly an isotropic as i l lu s t ra te d  
in f igu re  1.9 . For example, the values o f permeability o f a car­
bonate cemented sandstone may s ig n i f ic a n t ly  increase by generation o f 
secondary porosity  along o r ien ta t ion  o f groundwater movement (Se lley, 
1976). Such m odification is  also true fo r  limestone. In general a 
limestone aqu ife r tends to become more an isotrop ic and more permeable 
with time (Smith, e t.  a l . ,  1976).
1.7.1 Groundwater flow
The re la t ionsh ip  between hydrosta tic  po ten tia l and the ve lo c ity  
o f f low was established in 1856 and is  known as Darcy's Law. This 
states tha t the rate o f flow per u n it  cross sectional area o f an 
aqu ife r is  proportional to the gradient o f the potentia l head measured 




Q is  the bulk ve lo c ity  (flow volume per u n it  area).
K is  the permeability c o e f f ic ie n t .
^  is  piezometric gradient in the flow d ire c t io n .
N is  the shape fac to r.
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R is  ch a ra c te r is t ic  length.
p is  density.
g is  g ra v ita t io n a l acceleration.
M is  the v isco s ity .
The groundwater movement may be e ith e r laminar or tu rbu len t. Laminar 
flows occur at low flow ra tes, and there is  appreciable mixing between 
layers o f  f l u id  normal to the flow d ire c t io n .  Turbulent flow occurs 
a t high flow rates and is  characterised by very rapid f luc tua tions  of 
ve lo c ity  in an e sse n tia l ly  random manner.
Whether flow is  laminar or tu rbu lent is  determined by the value 




p is  density o f  f l u id .
V is  the average ve lo c ity .
y is  the v isco s ity .
d is  the diameter o f  passage or i n t e r s t i t i a l  sphere trapped
between grains boundary (Sickafus, 1974).
An increase in v e lo c ity  or sudden d ire c t io n a l deviation can 
cause laminar flow to become tu rbu len t. In general, when the Reynolds 
Number is  less than about 500, the flow is  laminar. I t  becomes f u l l y
tu rbu len t a t values greater than 2000. Almost a l l  groundwater flow is
laminar.
For laminar flow in conduits, the niezometric gradient and the 
flow in pipe are re lated by Hagen-Poiseuille  Law which may be w r it te n :
« ■
which is  the same as tha t fo r  Darcy f low , except fo r  the term
29
In the case o f turbu lent f low , when flow is  rapid or the con­
du its  have large diameters, the Darcy-Weisbach expression fo r  tu rbu len t 
flow may be w rit ten  as:
( T h r a i l k i l l .  1968) 
which shows tha t Q (bulk ve lo c ity )  is  no longer a l in e a r  function o f 
the piezometric gradient. By se tt ing  the Darcy-Weisbach equation equal 
to the Hagen-Poiseuil le equation, an expression fo r  the f r i c t io n  fa c to r  
( f )  fo r  laminar flow can be obtained: 
f  64y 64
where is  Reynold's number. This fa c t  was established experimentally 
tha t the f r i c t io n  fac to r is a function o f Reynold's number only fo r  
laminar f low , where fo r  turbu lent flow i t  is  the function o f re la t iv e  
roughness, e/D, where e is  the height i r re g u la r i t y  and D is  the d ia ­
meter.
30
1.7.2 Mechanism of water motion in so il  and rock
Water measurement through most porous aquifers is  determined 
by purely mechanical forces. These forces are due to the hydrosta tic
head g ra v ity .  In material w ith very small p a r t ic le  s ize , molecular
and electro-chemical forces are also important and the e f fe c t  o f the 
molecular s truc ture  o f the l iq u id  is  s ig n i f ic a n t .
Because of the charge d is t r ib u t io n  on the water molecule, one 
such molecule a tt ra c ts  another in a sp e c if ic  d ire c t io n .  The re s u lt  
is  tha t a water molecule tends to be surrounded by a tetrahedral group 
o f fou r other water molecules as shown in f ig u re  1.10 . These chara­
c te r is t ic s  o f water molecules e f fe c t  the bonding o f water to so l id  
surfaces. In so i ls  th is  bonding may occur in three locations (Raudkivi, 
1976):
1. In the c rys ta l la t t ic e  o f the mineral.
2. As the in te r - la y e r  water between the layers o f c rys ta l
un its  o f  c lay (montmorilIonite group)(Deer, 1966).
3. Water in pores o f the so i l  and on the surface o f the 
so i l  grains.
The water o f groups (1) and (2) are strong ly  bonded to the minerals. 
Therefore temperatures higher than 300°C are required to  remove them.
The water o f group (3) are dealt w ith a surface charge o f  s o l id  media, 
the water in close contact with the so l id  surfaces shows a d i f fe re n t  
physical s ta te . I t  has been recognised fo r  a long time tha t the s t ru c ­
ture o f water near a w ate r/so lid  in te rface  frequently  appears s ig n i ­
f ic a n t ly  d i f fe re n t  from the s tructure o f bulk water. A th ree- layer 
model fo r  the s truc ture  o f water near polar surfaces in te rface  is sug­
gested by Drost-Hanson (1969).
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Figure 1.10 I l lu s t ra t io n  o f tetrahedral group of water molecules
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(1) A layer of orientated water molecules ex is ts  near the so lid  sur­
face. The degree o f ordering decreases w ith the distance from 
the so lid .
(2) At s u f f ic ie n t ly  large distances from the so lid  surface, the bulk 
water s tructure  ex is ts .
(3) The intermediate zone is  the progressively more disordered trans­
i t io n  between the oriented layer and the bulk s truc tu re .
Therefore the outermost layer o f bonded water can be removed more easily  
by g ra v ity .  When the percolated water has drained away, each grain 
re ta ins on i t s  surface a f i lm  of water.
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1.8 The hydrology o f the Mendip H i l ls
The Mendips is  an upland area tha t stretches from north-west 
to south-east across the south o f the B r is to l d i s t r i c t .  The h i l l s  
consist o f a dissected plateau on limestone, w ith an average e le ­
vation o f  225-250 m.G.D. The geology o f the region is  sedimentary.
The Carboniferous Limestone is  the most important outcrop. These 
outcrops spread north-eastwards across the B r is to l area over the Old 
Red Sandstone. The to ta l  thickness o f the limestone s tra ta  is 
approximately 1000 m. (Atkinson, 1971) and i t  has an outcrop o f about 
120 kmf. The region now provides an important source o f limestone 
aggregate.
The Carboniferous Limestone is  folded in to  a series o f en 
echelon p e r ic l in e s . The four major peri d in e s  are Black Down, North 
H i l l ,  Pen H i l l  and Beacon H i l l .  Each of the pe ric l ines  contain a 
core o f Old Red Sandstone tha t r ises up to 60 m above the surrounding 
plateau o f Carboniferous Limestone. Figure 1.11 i l lu s t ra te s  the 
geology o f the area. (Kellaway, 1948).
The limestone is  separated from the Sandstone by the Lower 
Limestone Shale which comprises 120-150 m of interbeded shale and th in  
limestone (Atkinson, 1977). Resting unconformably upon the Carbon­
iferous Limestone is  the T r iass ic  Dolomitic Conglomerate. Carboni­
ferous Limestone is  the dominant formation in th is  area and i t  has 
been c la s s i f ie d  in to  four main groups (Green, 1965):
( i )  Hotwells Limestone
( i i )  C l i f to n  Down Limestone
( i i i )  Black Rock Limestone





The Mendips are a karst area and denudation in the limestone 
was not only caused by normal surface ru n -o f f ,  but also by percola ting 
ground waters and underground streams. I t  appears tha t the limestone 
plateau is  being lowered 2-3 inches per 1000 years by surface so lu tions.
Only 10% o f the to ta l  area is  d i re c t ly  drained by surface 
streams, and o f these the m a jo r ity  occur in the eastern Mendips 
where the Jurassic cover is  most extensive and continuous. The 
central part o f the plateau is  e n t i re ly  drained underground. Streams 
which form on the sandstone outcrop on the p e r ic l in e s , sink a t the 
limestone contact. At lower elevation from the Carboniferous Lime- 
stone/Dolomitic Conglomerate, a l in e  o f springs emerge. They have 
been c la ss if ie d  in to  three categories (Atkinson, 1971):
( i )  Springs which drain the limestone plateau.
( i i )  Shallow percolation water which drain the 
marginal slopes.
( i i i )  Springs which drain the area o f Old Red Sand­
stone and Lower Limestone Shale.
These springs which drain the plateau are generally very la rge , 
compared with those which drain the marginal slopes o f the h i l l s ,  
because o f the re la t iv e  d iffe rence in catchment area. Streams which 
form on the Old Red Sandstone, sink in to  the limestone at po in t o f 
contact, forming swallets or sinkholes by so lu tion processes.
There are 15 large springs which emerge from the Carboniferous 
Limestone/Dolomitic Conglomerate contact around the foo t o f the h i l l s .  
There are some smaller springs on the south side and north side o f 
the h i l l s  between Axbridge and Frome. In Figure 1. 12 the loca tions .
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catchment areas and underground flow d irec t ions  in the Mendip H i l ls  
are i l lu s t ra te d .
The water table l ie s  100-200 m below the plateau surface.
For example, at G.B. Cave, the water tab le  l ie s  some 160 m below the 
surface, where the surface has an a l t i tu d e  o f 300 m. O.D. (Green, 1965), 
Between 1965 and 1970 most o f the swalle t and cave streams were 
successfully traced to th e i r  various springs. Times o f trave l are 
a l l  extremely short, varing between a few hours and a few days. In 
some cases, the resu lts  o f water trac ing cast doubt on the existance 
o f a water table (Barrington, N ., Stanton, W.). For example the 
pattern o f underground drainage a t St. Dunstans Well has two flow l ines  
from separate swallets which cross each other w ithout mixing. The 
flow of water from swallets to springs is  apparently confined to con­
duits  or cave passages, ra ther than in an integrated water tab le .
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1.9 222Rn in surface water and ground water
Radon was the f i r s t  radioactive element detected in natural 
waters. The e a r l ie s t  estimation o f Rn in spring waters was reported 
in 1912 (Greinacher).
Since the early  days o f radon discovery, i t s  concentration in 
water, minerals and a i r  has been determined fo r  d i f fe re n t  purposes.
The aim o f i t s  recovery has covered a wide range o f studies. An ex­
ample o f these may be found under the t i t l e  "Radon determination in 
spring and underground waters and oceans, seas, lakes, r iv e rs ,  regar­
ding investiga tion  o f geological aspects, prospecting fo r  underground 
deposits o f uranium, natural rad ia tion  concerning health p ro tec t ion , 
as an ind ica to r o f age of minerals, prospecting fo r  o i l  f i e ld ,  e tc ."
observations fo r  radon and radium content in various water
sources shows a va r ie ty  of radon contents in groundwater. General
e f fe c t ive  factors in l i te ra tu re  fo r  such va r ia t io n  has been summed up 
by Bel in in 1959, as fo llows:
1. The emanating power o f the rock containing the parent rad ioactive .
2. pH dependence o f radon s o lu b i l i t y  in waters (acid water in v e s t i ­
gation shown to have more emanation). (Grigg, 1929).
3. The leaching a b i l i t y  o f underground rocks by hot water.
4. The tra ve ling  time o f water through the rocks.
Fractions o f the radon atoms produced by radium decay which
can escape from the f in e  grains in to  the pore space is  defined as the
emanation power. Such escape can take place in d i f fe re n t  ways.
Assume two grains are in contact a t a po int (near atom B) as 
has been shown in Fig. 1.13 and the pores between them are f i l l e d  par­
t i a l l y  by water and a i r .  The fo llow ing p o s s ib i l i t y  can occur:
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An atom (A) decays and yields an alpha par t ic le  and a
2^^Rn atom. Because of atom A's greater distance from the surface of 
the grain than i ts  daughter recoil  range (^22Rn 20 to 70 n.m.) ,  atom 
A (zzzRn) is contained within the grain.
Atom 8 would terminate i ts  recoil  path in the lower grain.
Atom C, a f te r  escape from the grain and entering into the water-  




Figure 1.13 Schematic diagram of emanation processes.
Atom D can escape a longer distance, passing the a i r - f i l l e d  
space (222Rn recoil  range in a i r  is about 63pm), and burying i t s e l f  
within the lower grain. atoms that  terminate th e i r  recoil  in the
other grains have a change to escape through the track by di ffusion
back into the pore space. This kind of di ffusion must take place
before condensation of grain excited atoms.
zzzRn can migrate through the earth of distances of up to 100m 
(Mogro-Compero, 1980). Because of the short h a l f - l i f e  of ^^^Rn, 3.85
40
days, the presence o f z^^Rn a t a long distance from i t s  parent requires 
e ith e r than the ^z^Rn move rap id ly  or tha t i t s  i n i t i a l  concentration 
be qu ite  large. In understanding how transport o f radon can take place 
w ith in  the earth , several mechanisms have been suggested. Mogro-Compero 
et a l . ,  (1977) concluded tha t thermally induced f lu id  convection w ith in  
the earth is  a possible transport mechanism. Custral compression pro­
duced by earthquakes has been taken in to  account. This squeezes out 
the radon trapped in rocks (suggested by King, 1978), but th is  force is  
not large enough to account fo r  flow o f gas over a large distance.
According to Tanner (1964) two d i f fe re n t  mechanisms of migration 
should be d is tingu ished. D iffus ion , where the radon isotope moves with 
respect to the f lu id  f i l l i n g  the pores of the medium, and transport 
mechanism where the f lu id  carr ies  the radon isotope along w ith i t .
Three steps may be considered fo r  radon migration
1. Formation and re co il  o f the radon from i t s  parent and release of 
newly formed atoms a t or near the surface o f the p a r t ic le .
2. D iffus ion  o f radon atom throuth the in te r io r  o f  a mineral grain.
3. D iffus ion  and transport o f  the neutral atom through permeable rock 
and soi 1.
In the case o f the f i r s t  step, Zimens (1943) concluded tha t an 
iso la ted spherical grain w ith low to ta l poros ity  containing a uniform 
d is t r ib u t io n  o f radium isotopes more than a micron in s ize , is  large 
enough tha t f ra c t ions  of re co i l in g  ions cannot terminate th e i r  paths 
in the pores. The same author has pointed out tha t a reco il ion could 
d if fu se  back through the cav ity  formed during i t s  reco il w ith a more 
rapid rate than in  the surrounding m a te ria l.  Thus emanating power may
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be increased by th is  process.
Total emanating power may be represented as the sum o f two
factors
where Eĵ  = The reco il f ra c t io n  of emanating power
Eg = The d if fu s io n  f ra c t io n  o f emanating power
Eĵ  and E  ̂ can be evaluated as functions o f two dimensionless parameters
R A iwhere x = —  and y =
e
R = reco il range o f the emanating atoms w ith in  
the so lid
Tg = the mean p a r t ic le  radius of the so lid  
X = decay constant o f the emanating isotope 
D = d if fu s io n  c o e f f ic ie n t  o f emanating atoms 
according to Flugge and Zimens, re la t ions  between Eĵ  and x. Eg and y 
by the fo llow ing  expressions
^  h  ■ f
give a good approximation fo r  low emanting power when Eĵ  and Eg are 
less than 30%.
In a review o f radon migration in the ground. Tanner (1964) 
describes how secondary deposition o f radium must be a common cause o f
non-uniform radium d is t r ib u t io n  in crusts on the surface o f rock pores
th a t may conclude an appreciable emanation o f radon.
I t  is  not yet c lea r whether radon is  most often transported 
from the ore body or whether surface desposits o f uranium or Ra provide 
radon sources w ith in  a short distance o f  the s i te  o f observation. In 
the case o f  deposition o f p rec ip ita tes  in mineral water three systems 
have been studied by Mi ho lic  (1958):
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1. Under s l ig h t ly  a lka lin e  solutions part o f the uranium ions may 
get obsorbed on fe r r ic  hydroxide, then be prec ip ita ted  together 
w ith calcium carbonate in calcareous rock. On the other hand 
radium is  p rec ip ita ted  completely together w ith barium sulphate, 
so in most cases deposits from mineral water contain more radium 
than corresponds to radium in equ il ib r ium  which contain uranium.
2. Deposits formed under a s l ig h t ly  acid so lu tion a t pH>3 (uranyl 
ion absorbed on co l lo id a l fe r r i c  hydroxide formed a t pH = 3) can 
p re c ip ita te  and cause an increase in radon in flow ing water. This 
increase can be explained by enrichment o f the sediments in  radio­
active  elements (U, Th, Ra).
Both former cases have taken place under ox id iz ing  conditions. 
Slow p re c ip i ta t io n  o f uranium in reducing conditions has been studied 
in d e t a i l .
3. Under reducing conditions uranyl so lu tion as U+̂  may be p re c ip i­
tated as U+'* in the presence o f su itab le  reductant in a neutral 
so lu t ion . This reducing action has been a t t r ib u te d  to organic 
matter and hydrogen su lph ite . Adler (1974) describes p re c ip ita t io n  
o f uranium in sandstones from groundwater is  almost governed by 
chemical reduction.
Saline water r ich  in radium and sweet water r ich  in radon but 
poor in radium ex is t in g  in the v ic in i t y  o f these saline waters has been 
suggested by Mazor (1962) as an ind ica tion  o f o i l  f ie ld s .  The fo l lo w ­
ing factors  have been expressed as e f fe c t iv e  parameters fo r  the en­
richment o f radon and radium in sa line and o i l - r i c h  so lu tions:
a. High ex trac tion  capacity o f o i l  compounds fo r  uranium.
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b. Existance o f su itab le  anionic species to produce the h igh ly  so l­
uble s a l t ,  Raclg.
c. Long periods o f contact o f sa line waters with surrounding rocks.
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1.10 2 3 8u^ in  rocks
The p r inc ipa l natural ra d io a c t iv i ty  in rocks is  contributed to 
by zszyh, series. Their ra d io a c t iv i ty  gives them unique im­
portance to the thermal budget o f  the earth. To estimate the heat pro­
duced by these radioelements, much o f the early  work was a ttrac ted  to 
the determination o f the average ^®^Th and contents o f  rocks.
Most studies have shown tha t the average Th/U ra t io  in major rocks and 
minerals is  generally about 3.5. Adams (1959) has described how th is  
ra t io  can be changed in sedimentary processes:
1. Uranium may be oxidized to a very soluble uranyl form 
and carried away in ground or surface water.
2. Thorium cannot be oxidized under geological conditions 
to a hexavalent s ta te , therefore a l l  the thorium brought 
in to  so lu tion is  qu ick ly absorbed or p rec ip ita ted  on clay 
minerals.
3. Some re s is ta te  minerals such as z ircon , monazite and 
quartz which have s u f f ic ie n t  mechanical and chemical stab­
i l i t y  to maintain th e i r  id e n t i ty  in sediments carry th e i r
: ■
o r ig in a l U and Th contents.
Thermal energy o f these three radioactive series is  reported by Clark 
(1966). Uranium produces higher decay energy than the other series 
(0.73 cal g”  ̂ y r " ^ ) ,  where thorium -232 and natural potassium produce
0.2 and 2.7 x 10“ ® cal g“  ̂ y r “  ̂ respective ly . Due to low concentrations 
o f  U, Th and K in rock, adequate s e n s i t iv i t y  techniques are required 
fo r  th e i r  determination. The technique o f  neutron ac t iva t ion  analysis 
has been applied fo r  th is  purpose. High s e n s i t iv i t y ,  comparatively low 
cost and short analysis time, as well as precision can be taken in to
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account as an advantage o f th is  method o f analysis. Since 1952, U and 
Th content in rocks have been determined by many workers. Smales (1952) 
introduced the determination o f in rock by N.A.A. This method was 
also used by Jenkins in  1955 and Bate in 1957 fo r  thorium determination. 
Further work on analysis fo r  Uranium and Thorium by the neutron delayed 
technique has been reported by Bate in 1959, Ami el in 1962 and Gale in 
1967.
y-emission o f ^®®U, ^®^Th and have been used as a y-spec- 
trom etr ic  determination o f th ise  elements. Since 1956 th is  method has 
been used as an a lte rn a t ive  technique fo r  determination o f natural rad io­
a c t iv i t y  in rocks (Hurley, 1956). emits only a 1.46 Mev y-ray. By 
con trast, there is a wide range of y-em itters  in the ^®®U and ^®^Th 
series. A ll  these y-rays may be used to ca lcu la te  simultaneously fo r  
these element determinations. They can be divided in to  two groups. The 
f i r s t  group o f y-rays with lower energy than 1.46 Mev (^®K peak), which 
has a higher counting ra te , therefore a smaller s c in t i l la t io n  crysta l 
and smaller sample can be used. But in th is  method, the photo peaks 
have less reso lu tion . The second group is  involved with high energy 
y-rays than 1.46 Mev. In th is  case the reso lu tion  o f peaks are be tte r ,  
but the counting rate is  lower, therefore i t  favours a la rger crys ta l 
(Adams, 1963). In th is  region peak from Thallium-208 with energy o f 
2.62 Mev can be chosen fo r  ^®^Th determination with minimum interference 
from and The photopeak 1.76 Mev can be used fo r  uranium c a l­
cu la t ion .
C H A P T E R  2
E X P E R I M E N T A L
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2.1 The determination o f zzzRn and in a i r  and water samples
zzzRn and ^^®Ra in water or a i r  samples was determined by 
de-emanation and a -p a r t ic le  counting, was outgassed from
the water sample by passing a stream o f zszRp.fpgg a i r  or nitrogen 
through the sample and then absorbing from the gas stream on
a charcoal tra p  a t 80°C. The ^^^Rr\ was subsequently transferred 
in to  an evacuated s c in t i l la t io n  f lask  fo r  a -p a r t ic le  counting, by 
desorption from the charcoal a t 200°C.
Before the s ta r t  o f  a-counting, the f i l l e d  s c in t i l l a t io n  
f la s k  was l e f t  fo r  s u f f ic ie n t  time (3 hours) to permit ingrowth o f 
zzzRn daughters as described in chapter one.
2.1.1 Water sample co llec t io n  procedure
For c o l le c t in g  water samples both glass b o tt le s  and p la s t ic  
bo tt les  have been used. The glass bo tt les  are less permeable to 
radon and resu lts  are more re l ia b le  than when p la s t ic  bo tt les  are 
used. P lastic  b o t t le s ,  however, have advantages fo r  transporta tion  
and were frequently  used fo r  regular sampling. Some types o f  so ft  
p la s t ic  bo tt les  may lose up to 40% o f the ^^^Rn in  the water a f te r  
5 days. Figure 2.9. shows the percentage o f ^^^Rn lo s t  as a 
function  o f the storage time o f the p la s t ic  b o t t le s .  Although c o r r ­
ection fo r  zz2Rn content could be made using th is  graph, the use 
o f th is  type o f b o t t le  was generally avoided. Hardened p la s t ic  
bo tt les  were found to be more sa t is fa c to ry  and no correction  fo r  
d if fu s io n  loss was necessary i f  the sample was processed soon a f te r  
c o l le c t io n .
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During the co l le c t io n  of water samples care must be exer­
cised to avoid aeration. Each b o t t le  was f i l l e d  with nylon f i l l i n g  
and outgassing tubes terminated with pieces o f low permeability  
rubber tube, which was sealed e ith e r  w ith screw c l ip s  or by glass 
rod 's toppers '.  These tubes were also used to make connections 
fo r  outgassing as i l lu s t ra te d  in Figure 2.1. For pumped boreholes 
f i t t e d  with sampling taps, a gas t ig h t  rubber tube was used to 
connect the tap to the b o t t le  f i l l e r  tube (A). In the case o f 
sampling from natural springs, tube (A) was immersed below the 
water surface and the b o t t le  was f i l l e d  by suction through tube (B). 
Generally, a f te r  f i l l i n g  the b o t t le ,  flow was continued u n t i l  a 
fu r th e r  b o tt le  volume o f water had passed, so tha t zzzRn loss a t the 
a i r  in te rface  was avoided. The rubber tube (A) and (B) were sealed 
with screw c l ip s .
The sample size which was co llec ted , was determined by the 
zzzRn content o f the water, the s itu a t io n  o f the sample s i te  and the 
s ta t is t ic a l  accuracy required fo r  the analys is. In the case o f  most 
groundwaters, one l i t r e  samples were co llected and generally s u f f i c ­
ien t counts were obtained in  less than 60 minutes to make the 
(2 a) s ta t is t ic a l  e rro r  <±2%. For sampling from cave sources SOOcmf 
glass bo tt les  were used. In order to achieve 2% counting e r ro r  i t  
was necessary to count fo r  80 minutes fo r  100 pCi 1”  ̂ content.
22®Ra was determined by estimating ^^^Rn in equ il ib r ium  w ith  
22®Ra in water. The zzzRn contents o f groundwater are generally much 
higher than th e i r  ^^®Ra contents, often by a fa c to r  o f 10 - 100.
The contents o f groundwater are generally very low and 5 or
20 l i t r e  samples were used fo r  ^^®Ra determination. The excess radon
4 8
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Figure 2.1 A typical glass bot t le  used for  water sample
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content in water was outgassed before ^^®Ra determination, then the 
sample was allowed to stand fo r  about 20 days (5 h a l f - l i t r e s  o f 
to establish equ ilib r ium  between ^^®Ra and ^^^Rn, The equ ilib r ium  
zzzRn was then outgassed and determined as described below fo r  water 
samples.
2.1.2 A ir  sampling
A ir  samples were collected from some Mendip caves and from a 
water supply from an a d it  which was driven through the Lower Limestone 
Shales in to  the Old Red Sandstone. Samples were generally taken 
d i re c t ly  in to  the s c in t i l l a t io n  f lask  at the co lle c t io n  s i te  by opening 
the stopcock o f an evacuated f lask  (70 m l. ) ,  and allowing i t  to f i l l  
to atmospheric pressure.
When low concentrations o f ^^^Rr\ were to be determined, 5 to 8 
l i t r e  p la s t ic  bags were used, the bags being f i l l e d  with a balloon pump. 
For the recovery o f ^^^Rn from the a i r  sample a charcoal trap held a t 
-80°C was connected through a drying tube to the p la s t ic  bag at one 
end, and to an asp ira to r a t the other end. A ir  was sucked out from the 
bag by syphoning water from the asp ira to r and was passed through the 
charcoal trap. The volume o f the water syphoned out o f  the asp ira to r 
was measured to estimate the volume o f a i r  which had been passed over 

































2.1.3 Extraction o f from water samples
Radon was outgassed from water samples by passing a stream o f 
222R:n-free nitrogen through the sample. A fte r drying the gas stream 
i t  was passed through a charcoal trap at -80°C (so lid  COg/ethanol) to
absorb the ^z^Rn. Quantita tive recovery o f ^z^Rn was achieved a f te r
passing a volume o f nitrogen gas equal to 10 times the water volume. 
The gas was passed through the sample at a rate o f about one l i t r e  per 
minute. (Figure 2 .3 ).
2.1.4 Drying the gas stream
the gas stream was dried before reaching the charcoal trap as 
the presence o f moisture on the charcoal trap reduces i t s  e f f ic ie n c y .  
Three drying stages were used. In the f i r s t  stage the gas was passed 
through a U-tube which was immersed in an ice container to condense 
the major part o f the water vapour present.
The second stage was a drying tube f u l l  o f 3-8 mesh CaClg 
(20 cm length x 3 cm diameter), and the th i rd  drying stage was a 
Dreschel b o tt le  containing 300 cm̂  Cone. HgSO .̂
2.2 Preparation o f charcoal traps fo r  z^^Rn absorption
For absorbing z^^Rn from the nitrogen stream, a 20cm U-tube 
was made from 5mm i .d .  pyrex tubing and more than h a lf  the length o f 
the trap was f i l l e d  with 18 mesh activated charcoal. The charcoal was 
fixed in pos it ion  with pieces o f glass wool a t each end. The traps 

















































2.3 S c in t i l la t io n  counting o f
Radon was loaded in to  a 50 cm̂  f la sk  tha t was in te rn a l ly  coated 
with ZnS(Ag), an a -sens it ive  s c in t i l l a t o r .  The f lask  was placed on 
a photom ult ip l ie r assembly fo r  a-counting, when equilib r ium  with ^z^Rn 
daughters had been established.
2.3.1 Preparation o f the s c in t i l l a t io n  f la s k s .
A 50 cm̂  conical f la s k ,  f i t t e d  w ith a B19 socket, was soaked 
overnight in chromic acid, washed with d is t i l l e d  water and dried at 
120°C. The inside o f the f la sk  was coated with a th in  layer o f a 
5-10% so lu tion o f s i l ico n e  grease in chloroform. The excess so lu tion  
was poured o f f  and the chloroform was allowed to evaporate. A few 
grammes o f ZnS(Ag) were placed ins ide the f lask  and the inside o f the 
f lask  was covered with the powder by shaking i t .  The excess o f  the 
s c in t i l l a t io n  was shaken out and the top assembly was f i t t e d  with 
Apiezon wax.
2.3.2 Loading o f the s c in t i l l a t io n  f lask  with z^^Rn.
Before loading, each f la sk  was evacuated to less than 50pm o f 
Hg fo r  about two to three hours and was then connected to a charcoal 
trap a t -80°C, containing the radon. I t  was found preferable to con­
nect a drying agent tube between the charcoal trap and f la sk  to avoid 
any moisture entering the f la s k .  The other side o f the charcoal t ra p , 
as i l lu s t ra te d  in Figure (2.5) was connected to the vacuum system. 
The system was then pumped to a pressure less than 0.1 t o r r ,  w ith Ti 
Vi open and Vg and closed. When the pressure reached 0.1 t o r r .
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Ti and Vi were closed and the charcoal trap was taken out o f the cold 
trap and placed inside a tube furnace at 200°C fo r  f iv e  minutes. The 
needle valve Vg was then opened and adjusted to admit a slow stream of 
a i r  to the system. As soon as th is  f low s ta rted , Tg and then Ti were 
opened and flow was continued a t such a ra te tha t a pressure o f about 
800 to r r  was reached in 5 minutes. At th is  po int Vg was opened com­



































2.3.3 S c in t i l la t io n  f la sk  c a l l ib ra t io n
The counting e f f ic ie n c ie s  o f the s c in t i l l a t io n  f la sk  are de ter­
mined using standard ^^®Ra solutions which are stored fo r  a t least 25 
days in glass bo tt led  f i t t e d  with outgassing tubes.
Each s c in t i l la t io n  f la sk  was ca lib ra ted  w ith  ^^®Ra standard s o l­
ution which has atta ined equ ilib r ium . For th is  purpose, ^^®Ra standard 
solu tion was outgassed and the z^^Rn recovered on charcoal traps and 
subsequently transferred to the s c in t i l la t io n  f la s k ,  as described in 
Section 2.3.2. A fte r  a delay of a t least 3 hours, the a c t iv i t y  of 
zzzRn content w ith in  the f lask  was counted. The obtained count was 
corrected fo r  counter background and fo r  z^^Rn decay from the average 
time of z2 2Rn outgassing to the mid-point of the counting in te rv a l .
The flask e f f ic ie n cy  was calculated from the corrected counting rate 
and the ^^®Ra content o f the ca l ib ra t io n  so lu tion .
The primary standard used was a radium ch loride c a p i l la ry  con­
ta in ing lOOpg zzGpa with an overall uncerta inty o f t  5%. Solutions 
containing about 1000 pCi o f ^^^Ra were then prepared by d i lu t io n  o f 
th is  stock. Each standard solu tion was placed in  a 500 ml b o t t le ,  d i ­
luted to about 250 ml with 0.1 M HCl w ith the addition o f 100 mg BaClg.
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2.4 g - s c in t in a t io n  counting
The zz2Rn content o f the g - s c in t in a t io n  f la sk  was determined by 
placing i t  on the end o f a 3" diameter pho tom u lt ip l ie r  tube (E.M.I. type 
9758 K/B) covering i t  w ith a l ig h t - t ig h t  l i d .  The photom ult ip l ie r 
voltage was then swiched on and counting commenced.
To ensure tha t the counting e f f ic ie n c y  remained constant, the 
space between the f la sk  and photom ult ip l ie r face was completely f i l l e d  
with s i l icone  o i l .  Immediately before and a f te r  each sample count, a 
standard s c in t i l la t io n  source was counted to take account o f any changes 
in the response o f the instrumentation. The standard s c in t i l l a t io n  
source used was a 10  ̂ - 10  ̂ d is in tegra tions  min"^ ^^^Pu source, arranged 
at a f ixed distance from a commercially ava ilab le  ZnS coated p la s t ic  
disc (Nunclear Enterprises, Edinburgh).
Calculation and computer programming of the zzzRn content o f the samples
The fo llow ing experimental data are recorded:
1. Date and time o f sample co l le c t io n .
2. Sample weight, w, kg.
3. Sample count and counting time, C in ,  t  minutes.
4. Standard source count a t sample counting time, S^.
5. Date and average time o f sample count.
6. Flask c a l ib ra t io n ,  counts min"^ pCi"^, F.
7. Standard source count a t f lask  c a l ib ra t io n ,  S^.
8. Flask background, B counts min"^.
9. T = decay time = (d if fe rence between 5 and 1 above).
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The zzzRn content o f the sample is  then calculated from:
z22Rn content = x exp(-XT) pCi kg"^ o f water
F X W Sg
To ca lcu la te  contents from the experimental data, a computer pro­




0 RADOH0 RADON 
100 REM EDITED 21 JAN 80
110 DIM F (10),S (10 ),B (10 ),D (10 ),M (10 ),Y (10 )
120 PRINT-RADOH ANALYSIS,SAMPLE NAME2" INPUTXf 
130 PR INT“SAMPLE WEIGHT IN KG?":INPUT w 
140 PRINT"TIME AND DATE OF COLLECTION?"
150 INPUT T1,T2,D1,M1, VI
160 PRINT“FLASK NUMBER?" INPUT N
170 FOR I= 1T O 10:R E A D F (I) ,S (I) ,B (I) ,D (I) ,M (I) ,Y (I):N E X T  I
180 DATA 3.1720,56355,.960,14,12,81
190 DATA 0 ,0 ,0 ,5 ,2 ,8 2
200 DATA 3.558 ,48810,.332 ,18,12,81
210 DATA 3.503,52369,.460,16,12,81
220 DATA 3.411,55779,.668,16,12,81
230 DATA 3.902 ,53118,1.24,17,12,81
240 DATA 3.8984,57207,1.482,14,12,81
250 DATA 0 ,0 ,0 , 12, 12,80
260 DATA 3.5051,54302,1.208,15 12,81
270 DATA 3.7684,56528, 1.593,16, 12,81
280 PRINT“RN COUNT AND COUNTING TIME IN S"
290 INPUT C6,T6
300 PRINT“TIME AND DATE AT START OF COUNT?"
310 INPUT T3,T4,D2,N2,Y2
320 PRINT“STANDARD COUNT AT RN COUNT TIME?" INPUT 92





380 REM HALF LIFE = 3.825 DAYS 
390 A1=R5/F(N):A=A1/W 
400 R7=R3*T6/60 : E=2*S0R(R7)*A. 'R7 
410 X=X+1
420 OPEN 1,4:CMD 1
430 PRINT# 1 -PRINT# PPRINT# 1 :pRINT# 1 
440 PRINT# 1,TAB(20):CHR$(1)"RADON ANALYSIS"
450 PRINT# 1
460 PRINT# 1, “SAMPLE NAME: “ X$
470 PRINT#!,"SWAMPLE WEIGHT,KG = “ :W
480 PRINT# 1 ,"CCOLLECTION TIME “, T1 :T2; “ON" :D1 :M1 ; V1
490 PRINT# 1
500 PRINT# 1 , “F3LASK CALIBRATION,CPM/PHCWI = “ :F(N):"ON“,D(N):M(N):Y(N) 
510 PRINT#!,"SWTANDARD COUNT AT CALIBRATION = " :S(N)




550 PRINT# l,"R%H-222 COUNTS ; Cb.; " IN", T6, "S =“,R6, "CPM"
560 PRINT#! ,"SWTART OF COUNT AT " ;T3,T4, "ON", n2; M2;V2
570 PRINT#! , "S3THNDARD COUNT AT COUNT = " : S2
580 PRINT#!,"DÜECAY TIME, DAYS = " :F2 
590 PRINT# 1
600 PRINT# 1,"B%ACKGR0UND CORR. CPM = ",R3
610 PRINT#!,"NÜORMALISED CPM = '';R4 ; ""TD.fECAY CORR CPM = ", R5
620 PRINT# 1, "TOTAL RADON IN SAMPLE =" ; Fil, "F'CI "
630 PRINT#!: PRINT# 1 PRINT# 1
640 PRINT# 1, "RADON ANALYSIS ",A, :E," fPXWI/KG TWO SIGMA ERROR"
650 PRINT# 1
660 PRINT# l:CLOSE 1
670 IF X<3 GOTO 410
680 STOP
690 IF L$="YES" GOTO 710








730 IF M10M2 GOTO 820






850 IF M5=0 GOTO 900
360 IF M502 GOTO890
870 D8=28
380 GOTO 990
890 IF M5>0 GOTO 920 ' ‘
900 M5=12
910 Y4=Y4-1
920 IF M5=M4 GOTO 980
930 IF M5=M6 GOTO 980
940 IF M5=9 GOTO 980




990 IF Y40Y1 GOTO 1010 
1000 IF M1=M5 GOTO 1030 
1010 F3=F3+D8 








100 REM EDITED 21 JAN 80
110 DIM F (10 ),S (10 ),B (10 ),D (10 ),M (10 ),Y (10 )
120 PRINT"RADIUN ANALYSIS,SAMPLE NAME?" INPUTX*
130 PRINT"SAMPLE WEIGHT IN KG?" INPUT W 
140 PRINT"TIME AND DATE OF COLLECTION?"
150 INPUT X1,X2,X3,X4,X5
160 PRINT "TIME AND DATE OF OUTGASSING?"
170 INPUT T1,T2,D1,M1,V1
180 PRINT"FLASK NUMBER?":INPUT N
190 FOR I=1TO10:READ F ( I ) ,S ( I ) ,B ( I ) ,D ( I ) ,M ( I ) ,Y ( I ) : N E X T  I
200 DATA 3.1720,56355,0.96,14,12,81




250 DATA 4 .349 ,44860,.588,12 ,8 ,82
260 DATA 3.898,57207,1.482,14,12.81
270 DATA 0 ,0 ,0 ,5 ,2 ,8 2
230 DATA 3.5051,54302,1.208,15,12,81
290 DATA 3.7684,56528,1.593,16,12,81
300 PRINT"RN COUNT AND COUNTING TIME IN S'*
310 INPUT C6,T6
320 PRINT"TIME AND DATE AT START OF COUNT?"
330 INPUT T3,T4,D2,M2,Y2
340 PRINT"STANDARD COUNT AT RN COUNT TIME?" INPUT 82





400 REM HALF LIFE = 3.825 DAYS 
410 A1=R5/F(N):A=A1/W 
420 R7=R3*T6/60 : E=2*S0R ( R7 ) *Ar "R7 
430 F4=F3*24 
440 X=X+1
450 OPEN 1,4:CMD 1
460 PRINT# l:PR INT# 1 PRINT# 1 PRINT# 1 
470 PRINT# 1,TAB(20):CHR$(1)"RADIUM ANALYSIS"
480 PRINT# 1
490 PRINT# 1, "SAMPLE NAME " X$
500 PRINT#!,"SWAMPLE WEIGHT,KG = ",W 
510 PR I NT# 1, " C:mLLECT I ON TIME ", X1 : X2, " ON ", X3, X4, X5 
520 PR I NT# 1, " OMJTGASSI NO TI ME ", T1 : T2 ; " ON " , D1 M1, Y1 
530 PRINT# 1
540 PRINT# 1,"F%LASK CALIBRATION, CPM/PXWI = ",F(N),"ON":D(N);M(N):Y(N) 
550 PRINT#!,"SWTANDARD COUNT AT CALIBRATION = ",S(N)
560 PRINT#!, "FWLASK BACKGROUND,CPM = " :B(N), "TnLASK NUMBER = " :N 
570 PRINT# 1 
580 PRINT# 1
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590 PRINT# 1, "RïW-222 COUNTS C6 'I i" !<- "S ‘■6.''CPtT"
600 PRINT#! , "SMTART OF COUNT AT ' ' J 14 " 'N", DSlMSSYS
610 PRINT#!, "SMTflNDflRD COUNT AT T'NI COUNT = " Is 
620 PRINT#! , "DfECAV TIME, HOUR'S  ̂ i
630 PRINT# 1
640 PRINT# 1, "B:i!ÏTCKGROUNIi CORP. CRN = " S3
650 PRINT#!, "NORMALISED CPM = ";R4. ’’TICeECAV lORP CPM -  " R5
660 PRINT# 1 ,"TOTAL RADIUM IN SAMPLE =" A! "PCI"
670 PRINT#!:PRINT# 1 PRINT# !
680 PRINT# 1, "RADIUM ANALYSIS " A " S " sp'TflL'KG TWO SIGMA ERROR
690 PRINT# 1
700 PRINT# l:CLOSE 1
710 IF %C3 GOTO 440
720 STOP
730 IF L'T="YES" GOTO 750 





790 F1 = ,;T4-T2:)/60
300 F2=<24-T!+T3+F! ::'/24
910 F2=F2+T6/172800
820 IF Ml:;;-M2 GOTO 860






890 IF M5=0 GOTO 940
900 IF M502 GOTO930
910 DS=23
920 GOTO 1030
930 IF M5>0 GOTO 960
940 M5=12
950 V4=V4-1
960 IF M5=M4 GOTO 1020 
970 IF M5=M6 GOTO 1020 
980 IF M5=9 GOTO 1020 
990 IF M5=ll GOTO 1020 
1000 D8=3!
1010 GOTO 1030 
1020 DS=30
1030 IF V40V1 GOTO 1050 
1040 IF M1=M5 GOTO 1070 
1050 F3=F3+D8 






2.5 Measurement o f zzzRn release
The extent o f =22%̂ release from crushed samples o f rock which 
were immersed in water, was determined fo r  several rock types ( Ice lan ­
dic volcanic rocks, T r iass ic  a l lu v ia l ) .  The zzzRn released from some 
c a lc i te  deposite from Iceland which was dissolved in Hcl, was also 
measured.
2.5.1 Preparation o f crushed rocks with defined fra c t io n  size
Samples o f the t r ia s s ic  a l lu v ia l  deposits (the Red and Tea Green 
Marls) co llected from Winford (N.G.R. 540 651) and some Icelandic rock 
were dried overnight a t a temperature o f 100°C. About 2 kg. o f each 
sample was crushed and sieved in to  10 p a r t ic le  size frac t ions  using 
standard sives ranging from 53 to 850 pm openings. The mean p a r t ic le  
size o f each sieved sample was taken as the average size o f the two ad­
jacent sieves. Each p a r t ic le  size was weighed in to  a o n e - l i t re  glass 
b o tt le  and was covered with d is t i l l e d  water. I t  was then sealed and 
stored fo r  30 days to allow radioactive equil ib r ium  between ^^^Ra and 
zzzRn to be established. Partic les  o f less than 100 pm diameter gen­
e ra l ly  coagulate, so each b o t t le  was shaken p e r io d ic a l ly .  The samples 
were analysed fo r  by the a - s c in t i l la t io n  method used fo r  the de ter­
mination o f zz2Rn in groundwaters. (Paragraphs 2.3.2 and 2 .4 ) .
The percentage o f ^^^Rn released was determined as fo llow s:
%zz2Rn released = x 100
[zzGRa]
[zzzRn] is  the concentration o f ^^^Rn outgassed from the rock in 
pCi kg - i.
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[ZzsRn] is  the concentration o f ^^^Rn in equ ilib r ium  with in the 
bulk rock in pCi kg” ^. The uranium contents of the material were de t­
ermined by the delayed neutron ac tiva tion  method (Gale, 1967).
2.5.2 Digestion o f rock in acid fo r  ^^^Ra analysis
To obtain the to ta l ^^^Ra content o f  rock in so lu t ion , fo r  
samples which contained a low percentage o f s i l i c a ,  the rock was d i ­
gested in HF and then dissolved in HCl. For th is  purpose, 10g o f 
c a lc i te  deposite from Iceland was dissolved in 6M, HCl and any in ­
soluble residue f i l t e r e d  o f f .  The residue was then digested overnight 
in 20 ml 80% HF a t 50°C. A fte r  evaporation to dryness, the p re c ip ita te  
was dissolved in 500 ml of 0.1M HCl and transferred to a o n e - l i t re  
b o t t le .  The b o tt le  was then sealed and stored fo r  more than 25 days 
to permit ingrowth o f z2ZRn,
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2.6 Measurement o f zzzRn d if fu s io n  through rock sections
The zzzRn d if fu s io n  through some carbonate rock sections has 
been studied. For th is  purpose a glass ce l l  was used, consisting o f 
two small flanged vessels, which can be f i t t e d  eas ily  one on top of 
the other. Also a c i r c u la r  flange was in s ta l le d  inside the upper vessel 
fo r  f ix in g  the rock section.
To provide the zzzRp source, 5g o f (226) Radium ch lo ride  so lu tion 
(996.5 pCi/g) including 1g BaClg was prec ip ita ted by 5ml conc. HgSÔ  in 
a centrifuge tube. Then i t  was centrifuged fo r  5 minutes. The so lu tion 
on the top was emptied out and the residue washed with 5ml d i s t i l l e d  
water. The contents o f the cen tr ifuse  tube were then transferred in to  
the lower vessel and dried up under a hot-lamp. The lower vessel was 
covered and sealed by the other h a lf  o f the ce l l  and stored fo r  25 
days. The content in the ce l l  was outgassed through the o u t le t
tube by a very slow stream of nitrogen zzzRn-free gas connected through 
the in le t  tube. (Figure 2 .6 ).
A fte r  measuring the zszRp content o f the ce ll  produced by the 
zzsRa source, the rock section was in s ta l le d  inside the upper vessel 
and sealed with an adhesive substance. Again the ce l l  was sealed and 
stored. A fte r  25 days the zszRp content o f the upper part o f the rock 






















2.7 Determination o f zzzRn in so i l  a i r
Soil a i r  was co llected d i re c t ly  from so il  on f ie ld  and the zzzRn 
content was measured. For th is  purpose a special device was used.
This device consists o f a metallic pipe (2.5cm diameter, 100cm length) 
w ith a mobilesharp t i p  which can be operated as a valve, to a llow a i r  
to pass through the pipe. (Figure 2 .7 ) .
F ir s t  the pipe was rammed in to  the so i l  by hammering, then the 
valve was opened by a metallic rod which was pushed inside the pipe.
For each sample, 1 l i t r e  o f a i r  was sucked up from d i f fe re n t  depths 
o f so il by using a 100ml volumetric pump. The z2ZRp content o f  so i l  
a i r  was collected in  a charcoal trap which was kept a t -80°C. The 
charcoal trap was located between the pump and the pipe.
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Figure 2.7 Cross-section o f tool used fo r  a i r  sampling from so il
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2.8 Determination o f zzzRn in Soil Water
For measuring the content o f so ilw a te r, a p la s t ic  pipe
(5cm diameter, 100 cm length), connected to a porous cup (ceramic 
m ateria l) was used. The cup was placed in the so i l  on top o f G.B.
Cave. Since the porous cup walls are permeable to water, i t  would
permit the so il  water to penetrate the pipe. At the top, the pipe was
connected to a 500 ml ca lib ra ted  conical f la s k .
At f i r s t  the whole system was evacuated of a i r  and sealed fo r  a 
few days. A fte r  an adequate water sample had been co llected (3 days 
fo r  about 200 m l), taps (A) and (B) were opened (Figure 2 .8  ) ,  and the
water which had co llected inside the pipe was sucked in to  the conical 
f lask . When a l l  the water had been transferred to the conical f la s k ,  
i t s  volume was measured. A charcoal trap which was kept at -80°C was 
located between tap (C) and a vacuum pump. Then tap (C) was opened, 
at the same time pumping was started and continued u n t i l  nearly two 
l i t r e s  o f a i r  was bubbled through the water sample. The zzzRn con­
ten t in the water which had been obsorbed in the charcoal was anal­










2.9 S ta t is t ic a l  study o f the precision o f determination
Standard deviations o f a s c in t i l l a t io n  f la s k ,  and standard dev­
ia t io n  o f z22Rn content o f two types o f water samples were calcu lated. 
Soft polythene bo tt les  f i l l e d  with water may lose up to h a l f  o f th e i r  
222Rn content a f te r  5 days. The percentage o f ^^^Rn loss through the 
s o f t  p la s t ic  bo tt les  was measured.
2. 9.1 Correction fo r  d if fu s io n  from p la s t ic  bo tt les
To minimize the s ta t is t ic a l  e r ro r ,  i t  is  preferable to c o l le c t  
water samples in glass bo tt les  since these are impermeable to z^^Rn.
On various occasions, so f t  polythese bo tt les  were used which may lose 
up to ha lf of th e ir  ^^^Rn content a f te r  5 days. In th is  case, the 
sample was processed soon a f te r  c o l le c t io n .  Also, a set o f so f t  poly­
thene bo tt les  were f i l l e d  with standard water samples. Each two 
bo tt les  were outgassed w ith a delay o f 20 hour in te rv a l .  A c a l ib ra t io n  
curve was produced from the resu lts  o f th is  experiment (Figure 2.9).
The resu lts  o f loss percentage are l is te d  in Table 2.1
2. 9.2 V a r ia b i l i t y  o f samples 1. Natural spring, 2. Domestic tap 
On 2.9.80, ten bo tt les  o f natural water samples were co llected 
in the same size glass b o tt le s .  The samples were processed soon a f te r  
c o l le c t io n .  Also on 3.9.80, s ix  o n e - l i t re  bo tt les  o f natural water 
from the same source were co llec ted . In the second c o l le c t io n ,  a 
d i f fe re n t  volume o f water was allowed to pass through the bo tt les  out­
le t .  Calculations show the 2a e rro r fo r  the f i r s t  c o l le c t io n  was 
smaller. Results o f z^^Rn content va r ia t io n  are reported in Table 2.2.
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Also, on two occasions, 6 and 9 bo tt les  o f water sample from a domestic 
tap were co llected. During the f i r s t  c o l le c t io n ,  9 bo tt les  were f i l l e d  
simultaneously. The second sampling was co llected separately at f ive  
minute in te rva ls . The resu lts  o f these two co llec t ions  are reported in 
Table 2 .3
2.9.3 S ta t is t ic a l  e rro r fo r  s c in t i l la t io n  f la sk  c a l ib ra t io n
A s c in t i l l a t io n  f lask  was ca lib ra ted  fo r  f iv e  times w ith ^^®Ra 
standard solu tion (996.5 pCi g” ^). The resu lts  o f th is  c a l ib ra t io n  are 
as fo llows:






2.9.4 Calculation o f s ta t is t ic a l  errors
The variance o f a d is t r ib u t io n  is  the mean o f the squares o f the 










When the set o f data obtained, contains a f i n i t e  number o f observations, 
the best possible estimate o f is
d
i= l (Friedlander, 1964) 
About 95% o f s ta t is t ic a l  errors (2a) l ie s  w ith in  two standard deviations 
from the mean value, therefore:
2S .
2o% erro r = ----- x 100
X
In case o f v a r ia b i l i t y  measurement fo r  the s c in t i l l a t io n  f lask  c a l i ­
bration a fresh ly  prepared f lask  was used whose background is  generally 
about O.Scpm. This background is  produced by the content o f the
glass o f the conical f la s k .  The background of the f lask  increases with 
use to around 3cpm. Such background would become more important i f  the 
z22Rn content o f the sample was considerably smaller. Therefore the 
2a% e rro r  can be give by
±2/Ci - B 
2a% =  p  X 100
Where Ci is  to ta l count in Time t
Cg is  corrected count in Time t  
B is  background in Time t
The standard deviation percentages (2a e rro r)  o f the experiment described 
in sections 2 .9 .1 , 2.9.2 and 2.9.3 are l is te d  in Table 2.4. By th is  
tab le , errors r ise  through d i f fe re n t  parts o f determination can be
id e n t i f ie d .
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Flask c a l ib ra t io n  shows to have a minimum erro r o f (2.6%). This in d i ­
cates that errors a r is ing  from ^z^Rn extraction  o f the water sample and 
loading o f s c in t i l la t io n  f lask  (see sections 2.1.3 and 2.3.2) have the 
smallest e f fe c t  on the whole procedure. In other words, the most 
important part o f random e rro r can come from the method o f sampling and 
the nature o f sources. Using an e le c t r ic  pump is  shown to cause more 
errors than manual sampling. This may be caused by the fa s te r  f low of 
water in which z^^Rn is  lo s t  eas ily .
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Table 2.1 Correction o f s o f t  p la s t ic  bo tt les  fo r  radon from water samples
B ott le  number Delay in outgassing Rn content % loss
a f te r  co l le c t io n  pCi/kg o f radon
(hr)
Glass L7 - 403 -
Glass L19 - 426 -
BB 18 36 316 23.76
BB 32 35.58 386 6.87
BB 51 57.91 331 20.0
BB 19 57.36 333 19.5
BB 14 82.58 311.5 24.8
BB 9 82.16 308.4 25.5
BB 20 106.33 255 38
































T ab le  2 .2
RADON ANALYSIS
Rickford water samples fo r  comparing d i f fe re n t  ways o f sampling and 
d i f fe re n t  volumes.
Sampling descrip tion and Mass o f z^^Rn Two sigma
date o f co l le c t io n  sample content e r ro r
kg pCi/kg
glass b o t t le ,  usual sampling 1.077 118.1 ±2.1
10:18 on 2-9-80
glass b o t t le ,  usual sampling 1.07 118.8 ±2.2
10:20 on 2-9-80
glass b o t t le ,  usual sampling 1.07 96.9 ±1.8
10:22 on 2-9-80
glass b o t t le ,  usual sampling 1.072 106.2 ±1.1
10:26 on 2-9-80
glass b o t t le ,  usual sampling 1.066 115.7 ±1.9
10:28 on 2-9-80
glass b o t t le ,  usual sampling 1.23 115.0 ±2.2
10:32 on 2-9-80
p la s t ic  b o t t le ,  usual sampling 1.07 117.8 ±2.0
10:36 on 2-9-80
p la s t ic  b o t t le ,  usual sampling 1.06 111.1 ±2.1
10:40 on 2-9-80
p la s t ic  b o t t le ,  usual sampling 1.06 111.8 ±1.9
10:43 on 2-9-80
p la s t ic  b o t t le ,  usual sampling 1.07 114.5 ±2.2
10:46 on 2-9-80
At th is  stage a l l  samples were co llected by e le c t r ic  pump except one
glass b o t t le ,  ju s t  b o tt le  was f i l l e d  up 1.00 92.9 ±1.6
10:20 on 3-9-80
glass b o t t le ,  h a lf  l i t r e  passed through 1.00 127.8 ±2.1
10:40 on 3-9-80
glass b o t t le ,  one l i t r e  passed through 1.00 102.3 ±1.8
10:16 on 3-9-80
glass b o t t le ,  three l i t r e s  passed through 1.0 113.2 ±1.9
10:22 on 3-9-80
glass b o t t le ,  f iv e  l i t r e s  passed through 1.0 118.9 ±2.1
10:35 on 3-9-80
glass b o t t le ,  usual sampling 1.00 118.3 ±2.2
10:45 on 3-9-80
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Tab le  2 .3
S ta t is t ic a l  inves tiga tion  fo r  measuring variance 
Tap water sample co llected simultaneously
Time and Date o f co l le c t io n 9:50 on 15-6-80
Number o f glass 
b o tt le
Time and date of 
outgassing




Glass No. LI 11:10 on 16-6-80 415.2 ±7.4
Glass No. L2 11:30 on 16-6-80 372.0 ±7.1
Glass No. L3 20:30 on 16-6-80 425.7 ±7.9
Glass No. L4 21:00 on 16-6-80 436.6 ±8.1
Glass No. L5 14:40 on 17-6-80 418.5 ±7.9
Glass No. L6 15:10 on 17-6-80 377.4 ±7.7
Glass No. 17 11:10 on 18-6-80 424.8 ±7.9
Glass No. 19 17:45 on 18-6-80 408.3 ±7.2
Glass No. L10 18:25 on 18-6-80 410.1 ±6.5
Tap water sample co llected separately in glass bo tt les  LI to L6 from
9:50 hours to 1030 hours respective ly a t f iv e  minute in te rva ls  on
7th June, 1980.
Number o f glass 
b o t t le






Glass No. LI 11:10 on 7-6-80 454.6 ±7.1
Glass No. L2 16:50 on 7-6-80 455.9 ±7.3
Glass No. L3 21:00 on 7-6-80 431.5 ±7.4
Glass No. L5 10:50 on 8-6-80 440.1 ±7.8
Glass No. L4 22:15 on 8-6-80 431.5 ±8.1
Glass No. L6 11:15 on 9-6-80 418.5 ±8.2
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Table 2.4 Standard deviation ca lcu la tion  fo r  determination
_______Sample_d e ta i ls_______ Standard deviation(2a%)
f la sk  ca l ib ra t io n  2.6
^  co llected
Domestic simultaneously 10.6






1by e le c t r icpump 11.2
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2.10 y-spectrometric determination o f U, Th, K.
A very low concentration o f U, Th, K was determined, based 
upon y-ray spectra analysing, as a rapid and accurate method. The 
instrument used was a Tracor1705 multichannel analyser, w ith sett ings 
shows as fo llows:
EHT on ortec 1200V 
Gain 4.15 LLD 0.2 ULD 10.0 
conversion gain = 1024 zero o f fs e t  
i3?Cs 0.66 MeV photopeak a t channel 235
The detection o f  y-rays was by using c y l in d r ic a l  th a l l iu m -a c t i ­
vated sodium iodide s c in t i l la t io n  crys ta ls  6" (d ia .)  x 4".
Since the y-ray spectrum of ^^^Th, obtained from rock
samples are very complicated to analyse, some standard samples of U, 
Th, K were prepared separately.
2.10.1 Preparation o f standard sample
Six samples with the fo llow ing content o f uranium 10, 20, 40, 
60, 80, 100 ug/g sand, a mixture o f 200gr sand and gummite (28.1% UgOg) 
have been prepared. The primary standard used was a mixture o f 34.7g 
sand plus 0.294g gummite
0.294 f  34.7 = 8393 x lOr^g/g gummite 
8393pg/g gummite
= 10M9/g  uranium
To obtain f in e  p a rt ic le s  a l l  sand used was m il led  by a Tema 
machine, then gummite powder was added to the sand. To achieve a good 
homogeneous mixture, i t  was shaken fo r  h a l f  an hour in a c y l in d r ic a l
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b o tt le  on an e le c t r ic a l  ro ta to r .
1, 2, 4, 6, 8, 10 gr o f primary standart were added to 199, 198, 196,
194, 192, 190 g o f  powdered sand respective ly.
2.10.2 Preparation o f standard sample
Four standard samples from primary standard containing 1294.87 
ug ThOg/g sand were prepared. Thorium sample in stock was ThtNOgj^nHzO.
Since accurate ca lcu la t ion  o f  ThfNOg)^ nHzO molecular weight seemed to
be d i f f i c u l t ,  by heating thorium n i t ra te  up to 300°C and then to 1000°C 
i t  was converted to thorium dioxide ( tho r ian te ) with M.W. 264.04.
2.10.3 Potassium standard preparation
Three standard samples with concentrations o f 2.5 , 5, 10 percent 
KCl were prepared. For a good d is t r ib u t io n  o f KCl in sand, the Kcl 
was dissolved in d i s t i l l e d  water and poured over the sand in the same 
container chosen fo r  y-ray spectrometry. To obtain a homogenous d i s t r i ­
bution o f KCl in sand, the mixture was s t i r re d  simultaneously while i t  
was dried under a hot lamp. A typ ica l y-spectrum o f each standard sample 
(238y, 232yh, ^0%) g^e i l lu s t ra te d  in Figures 2.10, 2.11 and 2.12.
2.10.4 Rock sample preparation
About 200 gr. o f rock sample was crushed and placed in a t in  
(10cm diameter x 4 cm). To estab lish equ ilib r ium  between Rn and i t s  
daughters, p a r t ic u la r ly  those y -e m itt ing , each t in  was
sealed and stored fo r  more than 25 days.
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2.10.5 y-ray counting
To count the samples, the containers were in contact w ith Nal 
(T l)  detector. Each sample was counted fo r  80000 Sec. (22.2 hours).
The spectrum position was always checked by using 0.66 MeV
photopeak. This peak should appear between channels 233 to 237, o ther­
wise the gain should be resetto bring th is  peak to such range. The 
background o f the y-counter was determined by counting both the empty 
t in s  and 200 gr. pure s i l i c a  sand, the d iffe rence between the two back­
grounds was n e g lig ib le . The programme GAMMA SPEC was used to ca lcu la te  
the re su lts .  For energy c a l ib ra t io n  ^^^Csand *°Co were used as stan­
dard sources. A typ ica l spectrum of these two isotopes is  presented 
in Figure 2.13. Also a spectrum of three radioactive groups ^^^Th,






















































: FOR STDS. AND BODS.
INPUT W 
3,4" INPUT Cl,C2,C3,C4
K IN STDS, UÜ
PRINT "GAMMA SPEC"
PRINT "TH, U, K GAMMA SPECTROMETRIC 
PRINT "DATA EDITED 1 MRV 30"
PRINT PRINT "COUNTING TIME = 30000 
PRINT "ENTER SAMPLE NAME" INPUT NT 
PRINT "ENTER DATE":INPUT D$
PRINT "ENTER WEIGHT OF ROCK SAMPLE"
PRINT "ENTER COUNTS IN REGIONS 1, 2 
PRINT "ENTER COUNTING TIME IN SECONDS" INPUT S 
M=80000/S:C1=M*C1:C2=M*C2:C3=M*C3:C4=M*C4 
READ B1,B2,E3,B4 REM BODS FOR 200G SAND 
DATA 46344,96050,181230, 219444 
READ E1,E2,E3,E4 REM BGD3 FOR EMPTY TIN 
DATA 46613,95027,179537,219206 
READ T1,T2,T3,T4 REM UNCORR TH STD 
DATA 136262,161590,254915,339373 
READ U2,U3,U4 REM UNCORR U STD 
DATA 616908■625395,395066 
READ K3,K4 REM UNCORR K STD 
DATA 417528,292422
READ N1,W2,W3 REM TOTAL WEIGHTS TH.U 
DATA 20646,20004,10.40E6
T5=(T1-B1)/Wl:U5=(U2-B2)/W2:K5=^K3-B3)/W3 R5=rU4-B4)/W2 












T=D1/T5:U=U2/U5:K=K3/K5 R=U4/R5 REM TDK TOTALS
A1 =T/W : A2=U/W : A3=K/ ( m  10000 > : A4=R/W REM UG, ’G
R1=V1*A1:R2=Y2*A2
R3=V3*A3:R4=V4*A4
Al$= "TRACOR 1705 SETTINGS"
A2$= "EHT 1200V * GAIN 4.15  ̂ LLD 0.2 ULD 10.0"
A3$= "CONV.GAIN 1024 *  ZERO OFFSET +: CS137 AT CH. 235" 
X=X+1

















































































" LIRRNI UN " . CHRT ( 29 ) , U, A2 . R2 
"THORIUM ",CHRT(29;- .T,R1,R1 










"REGION ! " , CHRT(29 > ,C1 ,E! , D1 
"REGION 2 " ,CHRT(29),C2,E2, D2 
"REGION 3 " ,CHRT(29),C3,E3,D3 





"TH" ,CHRfC29), ! 
"LI ",CHR$(29),2 
"K ",CHR$(29).3 
"U ",CHRf(29),4  
PRINT#!:PRINT#2 
AIT:PRINT#!,A2T 









































































































































































C H A P T E R  3
R E S U L T S
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3.1 The 222Rn Content o f  Groundwaters and Cave A ir  from the 
Mendi ps
3.1.1 Sources monitored ro u t in e ly  a t in te rva ls  o f  1-2 weeks
3.1.1.1 Langford Rising NGR -  ST 466 593
Langford Rising is  a spring which emerges through gravel 
in  contact w ith  T r iass ic  Red Marls. The mean d a i ly  flow in  1961
O
was 4500 m d”  . The fo llow ing sources have been traced to  The 
Langford Risings: Bath Swallet, East Twin Swallet, E l l ic k  Farm 
Swallet, Flange Swallet, Read's Cavern. The to ta l  catchment area 
is  21.3 ktn^.
Figure 4.10 shows the temporal va r ia t io n  o f the ^^^Rn content 
o f Langford Spring, and the va r ia t ion  o f the local r a in fa l l  from 
November 1978 to January 1980. The resu lts  o f period ic measure­
ments (approximately weekly in te rva ls )  o f  the z^^Rn content o f 
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3.1 .1 .2  R ickford Rising N.G.R. - ST 488 592
Rickford Rising is  a large spring which rises 10m south o f 
main road (A368) a t an a lt itu d e  o f 60m O.D. I ts  flow  issues from 
The Dolom itic Conglomerate which has formed a th in  cover on the 
Carboniferous Limestone. The mean d a ily  flow  in 1961 was 
13500 d " ’ .
The sources which contribute, to  i t s  flow  are w ith  the 
add ition  o f Ubley H i l l  Pot the same as fo r  Langford R ising.
Tthe 222Rn contents o f samples co llec ted  during the period 
January 1979 to end o f January 1980 are reported in  Table 3.2.
The z22Rn content flu c tu a tio n s  are p lo tted  in Figure 4. 9 where 
the temporal v a r ia tio n  o f ra in fa l l  in the catchment area is  also 













































<u • '~ 'l
4-> 03 ,






LO (73 CO LO CM
O
O  T - l to to o CO CO LO to 1^ to 0 3
O I 0 3 «d- 03 LO CO CO to CO CM to o CO
C  QJ












«d" to If ) 03
0 3 CO *d" o «d- I f ) 0 3 C '. CD
CM CM CM to I' '. CM CO CM o CO
+1 +1 -H +1 +1 +1 44 4-1 44 44 44 44 4-1 44
to LO LO LO LO LO LO LO . — t o LO 1 ". LO




(U 0 3 0 3 03 03 0 3 0 3 0 3 C73 CT3 0 3 C73 0 3 0 3 0 3
r-^ r> . r - . r-s r-^ 1 '- r-^ r - . r" . r - . C '.
'o
o c c c c c JD JD JD f ) JD u S- u L
(d (d ed ed ed OI <u CU (U cu ed ed ed ed
4 -
O
’’ D ■D ■D ""D Lu Lu Lu Lu Lu z Z Z Z
OJ
-P




CO to CO CD
CM CM
to to CO 0 3
(d c c c c c c c c c c c c c C
TD o o o o o o o o o o o o o o




*!d- CM «d- CD CD CM LO CO I f ) *d-
CM CM CO LO «d- CM CD CD LO l~^ «d- CO co












































CO %— to •d" CM Lf) CM 0 3 CO •d* "d- to
CO Uf> CO CM CM CM CO O CM CM CM CM
+1 -H -H -H +1 +1 44 44 44 44 4-1 4-1 4-1 4-1





CO CM If) CO 03 CO CM to CO C'.






to  ^ -^ 1 0 0 'd *
CM CM LO to to to r - . «d" If ) to to LO «d"
4 -  D in t CO CQ CD CO CD CD CD CD CD CD CD CD CD CD
--------- -
1
to  1 
to  1
z  ! 
1
•d" «d-
(U 0 3 0 3 0 3 CJ3 C33 0 3 C73 0 3 C73
O) r«- M . rv . 0 3 0 3 0 3 0 3 03 C '. r" .
r>- c>.
JD o cu <u OJ (U
(O o s- &- L. L &- >» >» >» >» >> c c tz c
1— (d CD. CD. CD. CD. <d ed ed ed ed 3 3 3 3
4 - z < < c < c z z z z z "-D "-D '~D • 3
o
r '. "d- CD <d" 0 0 LO CM 03 LO CM 0 3 r-»
(U CM CM CM CM CM
4->
(d c c c c c c c c c c c c c c
■a o o o o o o o o o o o o o o
T3 CD CD LO LO LO CD CD LO CD LO o LO LO CD




CM LO r'v. *d- LO Sj- C73 LO r>. *d* 0 3











































CD ,— CM cm If ) •d" VO If) CO 00 00 CO CD
CM »— o cz> CD CD CD CD CD
+1 -H +1 +1 -H +1 44 4-1 4-1 44 44 4-1 4-1 4-1
1
4-3 1 
C  1 
CU
4- cm *d" CO LOC CO co 'd ' cm CO CM 00 CO CD CD
O








«d- cm CO CO If) VO •d" CD CO CO CO CO
1
cu 1
Q . 1 
E  1 
ed 1
(/) '—'I LO LO LO
cm r>- VO r'*. r''. LO CO CO 1"- VO CO VO LO f''-
4 -  Dni CD CD CD CD CD CD CD CD CD CD CD CD CD CD
















cm cm cm cm cm cm cm cm cm cm cm cm cm cm
C'. r -. r--. r -
> , > , Do Do 4J 4-3 4J 4-3 .
cm cm cm cm Q . Q . Q . Q_ 4-3 4-3
D D D 3 3 3 3 3 cu cu cu <U o O
■3 3 3 3 < < C < to to to to o O
CM CD cm CD CO o CO CM cm
CM CM CM CM CM
C C C c c C C c c c c c c c
o o o o o o o o o o o o o o
LO CD CD r>. CD LO CD CD LO CD o LO LO CD
CO CD CO CO CO CO LO CM CO CM «d" LO



















































C  1 
O) ' '“ '1





CD CO CO LO CM CO CD
LO
CO
o  - ^ 1
(_) *1—1 LO cm «d" 0 3 CD C'* CO CM 0 3 CD CO
O I cm cm CO r>- CO LO CM LO LO
c  cu  








LO LO LO CM CO CO cm LO CO CO
T— ■<— T - CD CD CD CM





cn - —4 LO CO LO
cm CM LO CM (73 CM <73 LO CO LO
4- J»:i CD CO CD CD 00 LO CO CD CD 00 CD r - .




Z  1 
1
'd - CD «d- CD
OJ <73 cm cm cm <73 03 03 cm cm cm cm CD
i"s r-. r>- CO
o
o 4-3 4-3 4-3 > > > > > o o o c
u o o o o o o o cu cu cu ed
4 - o o o z z z z z Q o a 3
o
LO CO CD LO CO CM r'-. LO CO CO
OJ CM CO CM CM
4-3
ed c c c c c c c c c c c c
•a o o o o o o o o o o o o
■o CD to CD CD LO CD LO CD LO CD CD O




CD CM CM CM CD CM r--.
h - '— V— ' — ' — '— '— '— ' — ' — ' — -—
100
3.1 .1 .3  Cheddar Springs N.G.R. - ST 466 539
Cheddar springs, issue from the limestone through boulders 
under the c l i f f  close to  the Gough's Cave a t an a lt itu d e  o f 
2 4.6 m O.D. The mean annual discharge o f the springs was 
81000 m̂ d  ̂ over the period 1916 - 1922. Cheddar r is in g  is  
the la rges t spring in  th is  region. Tracer studies have proved 
tha t the fo llow ing  sources con tribu te  to i t s  flow : Blackmoor 
Sw alle t, G.B. Cave, Longwood Sw alle t, Manor Farm Sw allet,
Pinetree Pot, The water from Pinetree Pot and Blackmoor Swallet 
in  the extreme north-east o f the catchment are known to take 
4 - 5  days to reach Cheddar r is in g .
The 222Rn contents o f samples from Cheddar spring (F irs t  
Feeder) are reported in  Table 3. 3. The temporal va ria tio n  o f the 
2 22Rn content is  shown in  Figure 4.8 where accumulated ra in fa l l  
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3.1 .1 .4  Shipham Borehole N.G.R. ST 444 545
Shipham Borehole is  located between Cheddar and Shipham, 
South o f the main road (A371) about 200 m towards the end o f a 
Track on the north-east o f Cheddar re se rvo ir. Access is  
con tro lled  by Callow Rock Quarry.
During the period from November 1978 to  February 1980 
water samples were co llec ted  a t 15 day in te rv a ls . To obtain 
a good represenative sample, the Borehole was pumped fo r  a t 
lea s t 30 minutes before c o lle c t io n  o f the sample.
The 222Rn Contents o f samples from Shipham Borehole are 
reported in Table 3.4. In Figure 4.11 the ^^^Rn content va ria tio n  
from November 78 to February 80 are p lo tte d  and the loca l ra in ­
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3.1.1.5 G.B. CAVE N.G.R. - ST 476 562
On the Mendip Plateau, streams which flow  across the Old 
Red Sandstone and Lower Limestone Shales sink underground 
at the Carboniferous Limestone contact. These streams 
flow  through so lu tion  conduits and caverns formed in  the 
limestone. Five major cave systems have been discovered beneath 
Blackdown H il l  (west o f the Mendip H il ls  Fig. i l l ) . G.B. Cave 
is  the most westerly o f the f iv e  a t an a lt itu d e  o f 253 m.
Tynings Farm S w a lle t discharges i t s  water in to  G.B.Cave.
This water has been traced to the springs a t Cheddar.
G.B. Cave has developed in the Black Rock Limestone which 
has been described by Ford (1964) as the purest o f the
2
Mendip limestone. The catchment area fo r  the G.B. is  1.3 km 
(Drew 1975) and more than h a lf o f tha t is  on the Old Red 
Sandstone.
The rate o f water movement w ith in  the s o il zone overly ing 
the Carboniferous Limestone on Mendip is  5-25 Cm hr^^ (Smith 1975) 
Since the average thickness o f so il overly ing  the limestone 
is  about 1.5 m, i t  takes 7-30 hr fo r  ra in  water to percolate 
through the so il zone.
3.1.1.5.1 THE ZZZpn CONTENT OF WATER SAMPLE FROM G.B. CAVE
Figure 3.1 shows a plan o f G.B. Cave and s ite s  where water
sample were co llec ted . Most o f the water samples were co llected
from flow  over s ta la c t ite s , drips from the cave roof or from
222fissures in the walls o f the cave. The re su lts  o f Rn 
measurements are dea lt w ith below in order o f decreasing a lt itu d e  
o f the sample loca tion .
e n t r a n c e ,  831
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3.1 .1.5 .1 .1  ENTRANCE CHAMBER (F irs t  G rotto) 228 m O.P.
222The Rn contents and calcu la ted two sigma errors (2o)
fo r samples co llected a t o ften weekly in te rva ls  fo r  one
year are reported in  Table 3.5. In fig u re  4.2 the Temporal 
222va ria tio n  o f the Rn content, the discharge o f the source 
and the accumulated ra in fa l l  fo r  two day in te rv a ls  during 
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3 .1 .1 .5 .1 .2  Slow Drip (G.B. CAVE)
Water samples were co llected from rubber tubing connected 
to a funnel beneath a d r ip  under the roo f o f the white passage
o f an a lt itu d e  o f 202 m O.D.
222The Rn contents are reported in  tab le  3.6 and Figure 4.3
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3.1 .1 .5 .1*3  Percolation Stream (G.B. CAVE)
This source is  located a t the end o f the White Passage a t
an e levation  o f 198 m O.D.
44 water samples have been taken between November 1978
222and January 1980. The Rn contents are reported in  Table 3,7
222The temporal v a ria tio n  o f Rn content and the rate o f discharge 
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3 . 1 . 1 . 5 . 1 . 4  New D r ip  (G .B . CAVE) ’ ^4
This source is  also located a t White Passage, but down
to i t s  entrance than the perco la tion stream. Water drips
through a s ta la c t ite  on the le f t  hand wall a t an a lt itu d e
of 194 m O.D.
222The Rn contents o f water samples are reported in
222Table 3.8. The Temporal v a ria tio n  a fte r  the Rn content
and the discharge rate flu c tu a tio n  and ra in fa l l  record
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3 . 1 . 1 . 5 . 1 . 5  G reat Chamber Ha lfw ay d r i p  (G .B . CAVE)
Water samples were co llected  from a s ta la c t ite  beneath a 
boulder a t the end o f the Ladder Dig Passage before clim bing 
up to the Boulder Chamber a t an a lt itu d e  o f 150 mm O.D.
During storm conditions access to Ladder Dig Passage was 
impossible because o f floo d in g , so the number o f samples 
which could be co llected from Great Chamber is  less than fo r
the other loca tions.
222The Rn content o f th is  d rip  are reported in  tab le




























•r^ O If ) If ) CO CO CD LO CO «3" CDin s—
d  cu
OO CVJ LO LO «3- CVJ CVJ If ) J-". CVJ CVJ
3




c  on 
o  \
CD T -  
CJ 


























CO CO lO CD CO LO «3-
CD CD «3- CO CO «3* CD CO o «3-
LO O CD CD o o CO CD LO CVJ o
1— 1— CVJ CVJ LO LO LO LO Tj- CO CO «3-
LO If ) LO CO CO «3" CD 1“̂ CD LO
O CVJ o o LO o O o O CD
CO CO CO CO CO «3- CO CO CO LO CO CVJ
O o o o o o o o o O o o O
c ,— CO CD CD CD CD CD CD CD CD CD CD CD CDcm o 1^ 1^ r> . l~^ r-". J'­ l'­ I ' -
CVJ tJ
CVJ
CVJ 4 - > c c JO i - &_ &_ > ) C e n en CD.
O o (3 m3 CU (3 Q . CL <3 13 3 3 3 CU
OJ z •Z) "-D U_ z : C < z : D <c < COX I CU
h - +J CD LO CVJ LO «3- LO CD LO O LO CO O
m3 CVJ CO CVJ CVJ CVI CVJ
O
CD (Z C c c c C c C c c C c c
■a o o o a o o CD o o o o o CD
CO c
13 o o o o o LO LO LO o LO o LO
CU CVI CO o o CO CO «3- «3- CVJ CD
<U
X3 E






































ro  eu L . 
.C  +-> x :  
o  ro  \  
en s_ I—






o \o  T- CJ























en co en CVJ O 00
co CVJ o «3" co «3" LO CO
+1 *+ l 4-1 4- i 4-1 4-1 4-1 4-1
l'­ O LO 00 1“-. lO O
«3-
eu O CVJ co 1^
"3- «3- en en «3-









CVJ c o c o CO c o c o
O o o o O o o o
c ,— en en en en en en o O
o n O r-. r - r-- r-. r - 00 00
CVJ O
CVJ
CVJ 4- Q . 4-> > > > CJ c c
O (U CJ o o o eu ro roeu co o z z z a "D ’-O
X : eu
l'­ 4-> 1'- CVJ en LO «3- CVJ 00ro CVJ CVJ
■Oen c c c c c c c C
■O o o o o o o o o
co C
ro o LO o o o o r-. oeu «3- CVJ co CVJ o coeu
X3 Ero CVJ LO o o «3- LO LOh- h- '— 1— CVJ CVJ 1— 1— 1—
132
3 . 1 .1 . 5 .1 .6  G rea t Chamber En trance  D r ip  (G .B .Cave)
Water samples were co llected  a t the top o f the Boulder
Chamber from a s ta la c t ite  d r ip  a t an a lt itu d e  o f 154 m O.D.
222The resu lts  o f Rn determ inations are reported in  Table 3.10.
222The temporal va ria tions  fo r  both the Rn content and 
discharge ra te o f the d r ip  are shown in  Figure 4 .7  . The ra in  
storms during May 1979 caused floods in  the Ladder Dig passage, 
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3 .1 .1 .5 ,2  Measurements o f the Concentration in  A ir  from
G.B. Cave
A ir  samples fo r  z^^Rn analysis were co llec ted  from 
d if fe re n t ports o f G.B. Cave. These samples were generally 
co llec ted  from areas o f the"cave which had minimum v e n tila ­
t io n .
The resu lts  are reported in  Table 3.11.
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Table 3.11 Concentration in  A ir  Samples from
G.B. Cave




Entrance chamber 9.5 2.34 ±  0.94
White passage 4.1 1.7 ±  2.4
Rhumba a lle y 9.1 1.62 ± 1.5
Great Boulder chamber a t the end
o f Ladder Dig 10.3 0.69 ±  1.3
* errors  quoted are two sigma counting e rro rs .
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3.1.2 Seasonal Sampling o f Springs and Boreholes on Mendips
3.1.2.1 In troduction
Springs are located in  the Old Red Sandstone, Carboniferous 
Limestone and the Dolom itic Conglomerate in  th is  region.
The Old Red Sandstone has been shown to be an aq u ife r o f 
lim ite d  y ie ld .
The sandstone po ros ity  is  approximately 6% compared w ith  
only 0.2% fo r  the Carboniferous Limestone (Sm ith ,1975). Small 
springs r is e  from the Old Red Sandstone near the Junction o f i t s  
outcrop w ith  the Lower Limestone Shales. The Lower Limestone 
Shales y ie ld  va riab le  amounts o f water, from 100 to 2000 m^/d 
fo r  ind iv idua l springs.
The Carboniferous Limestone is  a massive marine deposited 
limestone which has very frequent jo in ts  in te rconecting  the 
bedding planes. I ts  po ros ity  is  due to so lu tion  along these 
jo in ts  and bedding planes. This secondary po ros ity  makes the 
limestone an important a q u ife r. Large streams issue from the fo o t 
o f the limestone h i l l s  a t the contact w ith  the impermeable Keuper 
Marl or Dolom itic Conglomerate.
The Dolom itic Conglomerate is  the im portant a q u ife r in  the 
T riass ic  formation numerous boreholes fo r  water have been sunk 
in to  the Dolom itic Conglomerate around the Mendips.
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3.1 .2 .2  Springs and Swallet Streams
The 222Rn contents o f springs and streams in  the Mendip 
region, have been determined. These are reported in Table 3.12 
and Figure 4.14 shows the regional v a r ia tio n  o f z^^Rn content from 
west to  east across the Mendips. Each o f the sample s ite s  is  
described below and more de ta iled  inform ation is  recorded by 
Green and Welch (1965); Barrington and Stanton (1977) and Smith 
(1975).
3 .1 .2 .23 Ashwich Grove Springs ST 652 479
Three separate large springs emerge about 270 m apart and 
there is a fo u rth , very sm all, spring (The Wishing W ell) beside 
the lowermost one. These springs overflow from Carboniferous 
Limestone, 1.5 km E.N.E. o f O a kh ill, on the r ig h t  bank o f a Wooded 
Valley a t Ashwick Grove. The mean d a ily  flow  in  1966 fo r  each 
o f the main springs was about 6700 m^d“ ^. These springs are known to  
be fed by the fo llo w in g  sw a lle ts . L i t t le  London, Pig Pen, Stout 
Slockers, O akhill Brewery Collapse, and Blake's Farm Sw allet.
The mean lin e a r flow  v e lo c ity  fo r  Lower Ashwick and Higher 
Ashwick are 256 m hr~^ and 292 m hr”  ̂ re spective ly  and 90% o f th e ir  
discharge is  perco la tion  water (Smith 1975).
The Wishing Well responds only to  intense p re c ip ita tio n  in  
the manner o f streams w ith  a catchment area on h igh ly  porous 
rock.
3 .12.2 .2  Axbridge R ising Res. ST 431 546
A large spring rises through the t r ia s s ic  Red Marl a t 
Axbridge. I t  is  located behind a w all a t the back o f an enclosed pond 
in a p riva te  garden, north o f Axbirdge Square, beside the Church.
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I t  is  fed mainly by perco la tion  water and has a mean d a ily  discharge
o f 2240
3 .1 .2 .2 .3  Banwell Spring Res. ST 399 592
Banwell is  a large spring which emerges through dolom itised 
limestone. I t  is  located on the north fla n k  o f Blackdown H i l l ,
100 m N.W. o f the Church in  Banwell v il la g e . The mean d a ily  
discharge is  16000 m^d"^.
3 .1 .2 .2 .4  Biddlecombe Springs ST 57 48
Biddlecombe consist o f several small springs located in  
Biddlecombe v il la g e , N.E. o f Wells. The fo llow in g  swallets have 
been shown to con tribu te  to the flow  o f these springs; H i l l  
Grove Sv/allet, Whitsun Hale, Zoo Sw alle t. Biddlecombe springs sink 
again a t sw a lle t and reappear a t Wookey Hole.
3 .1 .2 .2 .5  Blackmoor Swallet ST 505 555
Blackmoor sw a lle t is  located a t Charterhouse, ju s t  below and 
west o f the track on the le f t  bank o f the Blackmoor Valley. Water 
from Blackmoor Swallet has been traced to  the discharge a t Cheddar 
r is in g .
3 .1 .2 .2 .6  Chewton Mendip Rising ST 599 531
A large spring emerges flow  limestone 135 m east o f the 
centre o f Chewton Mendip v illa g e . I t  is  fed e n t ire ly  by percola­
t io n  water and there are no known sw allets which con tribu te  to
q _ 1
i t s  mean d a ily  discharge o f 13650 m d” .
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3 .1 .2 .2 .7  Cross Spring ST 415 546
A few meters south o f the road in  the middle o f Cross v i l tg e ,  
a spring rises through Dolom itic Conglomerate a t an e levation o f
9.2 m O.D. The average d a ily  discharge is  690 m d~ .
3 .1 .2 .2 .8  D a rsh ill Spring ST 609 439
This source emerges from Lower Lias Limestone.
I t  is  located near Shepton M a lle t, 300 m west o f Bowlish Cross 
roads, under the r ig h t  bank o f the va lle y . The mean discharge is
q  _  1
950 m d”  and i t  consists o f 80% perco la tion  water.
3 .1 .2 .2 .9  East Well Spring ST 415 566
A strong spring rises in  the T riass ic  Red Marls which 
o ve rlie  the Old Red Sandstone a t Winscombe V illa g e , some 300 m 
east o f the Church a t an a lt itu d e  o f 46 m O.D. The mean d a ily  
discharge is  1380 m^d ^ .
3 .1 .2 .2 .10 Garrowpipe Spring ST 548 548
A small spring issues under huge boulders below a c l i f f  
o f Dolom itic Conglomerate a t West Harptree, down Lamb Bottom. 
The sources feeding th is  spring are unknown and i t s  mean d a ily  
flow  is  about 160 m^d” ^.
3.1.2.2.11 Gurney Slade Rising ST 631 494
The source is  a w ell in  Carboniferous Limestome. I t  is  
located 0.5 miles down Gurney Slade Bottom from Gurney Slade 
v illa g e . The fo llo w ing  sources con tribu te  to i t s  flow :
Binegar Bottom Slocken, Emborough S w alle t, Lechmere Swallet.
q  _  1
The mean d a ily  discharge is  13000 m d .
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3.1 .2.2 .12 G rig 's  P it  Spring ST 588 531
This spring rises in  Carboniferous Limestone a t the west 
o f Chewton Mendip Church, in  G rig 's  p i t  wood.
3.1 .2 .2 .13 Holwell R ising ST 729 451
A strong spring issues on the le f t  bank o f Nunney Brook, 
beside the main Frome-Shepton M a lle t road, a t an a lt itu d e  o f
126.2 m OD. The mean d a ily  flow  is  7900 m^d’ ^. Dairy House 
Slocker has been shown to con tribu te  to  the flow  o f th is  
spring.
3 .1 .2.2 .14 Longwood Swallet NGR ST 486 557
Water dra in ing from the Old Red Sandstone has developed a 
spring lin e  along the ju n c tio n  w ith  the Lower Limestone Shales 
and these form a stream which disappears underground on the 
Black Rock Limestone a t Longwood sw a lle t (Longwood V a lley,
Charterhouse). Longwood sw a lle t is  located a t an a lt itu d e  o f
2210 m and has a 5.6 km catchment area. Water smaples were 
co llected from both springs (Old Red Sandstone) and stream flow  
(Longwood s w a lle t) . Longwood Swallet con tribu tes to  the flow  a t 
Cheddar r is in g .
3.1 .2.2 .15 Ludwell R ising NGR ST 359 592
A stream flows amongst boulders through the f lo o r  o f a low 
tunnel in  the Dolom itic Conglomerate/Carboniferous Limestone
3 _ 1
contact, north east o f Hutton. The mean discharge flow  is  1900 m d
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3.1 .2.2 .16 MelIs River Sink NGR ST 735 488
A spring rises on r ig h t  bank o f Mel Is  River a t the upper
q  _  1
end o f Wadbury V a lley , M elIs. In w in te r i t  discharges up to  470 m d” 
w h ils t in  summer i t  is  genera lly a s in k , accepting flow  from the 
r iv e r .
3.1 .2.2 .17 P itten  S tree t Slocker NGR ST 628 473
A stream sinks in  a depression north o f Town's End crossroads, 
Leigh-on-Mendip. This stream contribu tes to the flow  a t Whitehole 
spring.
3.1 .2.2 .18 Rodney Stoke Rising NGR ST 487 503
This large spring rises below a low c l i f f  in  a wood north
3 -1o f Rodney Stoke v illa g e  crossroads. The mean d a ily  flow  is  4500 m d" .
3.1.2.2 .19 Saint Dunstan's Well NGR ST 659 470
Two separate resurgences r is e  a t St Dunstan's w ell a t the 
same height and only some 2 m apart near Stoke St Michael. The waters 
from these two sources d i f f e r  in  respect o f th e ir  chemistry and 
hydrologie regime (Drew 1975), although i t  is  not possible to  
d if fe re n t ia l separate catchments fo r  them. The large one shows 
a rapid response to p re c ip ita tio n  and i t  is  la rg e ly  supplied by 
sw a lle t water which is  q u ick ly  transm itted through the subtreranean 
conduits. The average flow  v e lo s ity  a t S t. Dunstan's Well is  
216 m hr’  ̂ and the mean d a ily  discharge is  13200 m^d” ^.
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3.1 .2 .2 .20  Sherborne Spring NGR ST 586 550
A spring rises through Keuper Marl a t Sherborne, 600 m west 
o f L it to n . I ts  response to  ra in fa l l  is  slow and sm all. The mean 
d a ily  flow  is  5800 m^d ^ .
3 .1 .2 .2 .21 Slab House Spring NGR ST 593 481
Small spring issues in  Dolom itic Conglomerate, 130 m S.S.E. 
o f Slab House Inn a t East Horrington near Wells. In 1902-1903
q  _  I
the mean d a ily  discharge was about 420 m d’  .
3 .1 .2 .2 .22 Stoke Lane Slocker NGR ST 668 474
A large stream sinks in  va lle y  f lo o r  a t north east o f 
the chjrch o f Stoke St. Michael. This sink is  one o f the known 
water supplies fo r  S t. Dunstan's Spring.
3 .1 .2 .2 .23 Swildon's Hole Swallet NGR ST 531 513
2
A small stream drains an area o f 2.9 km a t E.S.E. o f 
church o f Priddy V illa g e . I t  contribu tes to  the flow  Wookey Hole.
3 .1 .2 .2 .24  Saint Andrew's Well NGR St 552 459
Five springs r is e  through gravels in  the bed o f a pond 
in  the grounds o f the Bishop's Palace, a t Wells Cathedral. S t. Andrew's 
Well is  the th ird  la rges t r is in g  o f the Mendip H i l ls .  The mean
q  _  1
d a ily  flow  is  about 36000 m d” . The fo llo w in g  sources are known 
to  d is tr ib u te  to i t s  flow  ; Biddle Combe, Haydon Drove Sink,
G olf Course, Thrupe Sw allet.
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3.1.2.2.25 Waldegrave Swallet Dig NGR ST 547 515
A small stream sinks in coarse Dolom itic Conglomerate which 
rests d ire c t ly  on the Old Red Sandstone. Waldegrave Swallet flows 
to Rodney Stoke Rising and Wookey Hole.
3.1.2.2.26 White Hole Spring NGR ST 680 480
A spring rises from fissuers in  the M ills tone  G r it  (upper
Carboniferous Limestone) a t Leigh-on-Mendip. The mean d a ily  flow 
3 -1
is  915 m d . P itten  s tre e t slocker is  known to  feed th is  spring.
3.1.2.2.27 Wookey Hole NGR ST 532 480
This is  a large spring (R iver Axe) w ith in  a cave and has a
3 -1
mean discharge o f about 5400 m d” . I t  is  the second la rgest 
resurgence on Mendip. I t  drains much o f the southern flank  o f 
North H i l l  and part o f Pen H i l l .
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3.1 .2 .3  222Rn Content o f Some Borehole Around the Mendip H il ls  
Most o f the boreholes in  the Mendips have been d r i l le d  
through T riass ic  Marl and Dolom itic Conglomerate Carboniferous 
Limestone.
zzzRn content o f samples from e ig h t boreholes 
around the Mendip H il ls  ind ica te  a higher a c t iv i ty  in  Central 
Mendip (F ig . 4.11). These boreholes are described b r ie f ly  below.
3 .1 .2 .3 .1  A th le t ic  Ground Wells N.G.R. -  ST 545 449
Borehole was d r i l le d  to a depth o f 100 m through the
T riass ic  succession a t Wells. One km south west o f Cathedral to
3 — 1
an a lt itu d e  o f 30 m O.D. The average pumping is  400 m d .
3 .1 .2 .3 .2  Easton Farm Borehold N.G.R. -  ST 515 482 
Borehole was sunk to  a depth o f 105 m in  Red Marl a t
Easton, 50 m north o f the Church in  Easton Farm. The mean d is ­
charge is  210 m^d’ ^.
3 .1 .2 .3 .3  Egford Borehole N.G.R. -  ST 756 481
I t  was d r i l le d  in  Limestone a t Egford v i l la g e , 1500 m
3 — 1
west o f Frome. The mean d a ily  y ie ld  is  4000 m d”  .
3 .1 .2 .3 .4  Oldford Borehole N.G.R. - ST 785 506
Borehold drawing water from the In te r io r  O o lite . I t
is  located 1500 m north o f Frome a t O ldford, beside Great Bridge.
3 — 1
The average d a ily  pump is  10000 m d" .
3 .1 .2 .3 .5  West Down Quarry Borehole N.G.R. - ST. 718 458
Borehole was d r i l le d  in  Comb Limestone a t West Down
3 -1Quarry about 1500 m west o f Nunney. The mean d a ily  y ie ld  is  8 m d
146
In Shepton M a lle t borehole and Christon borehole 
water has been struck in  limestone and D olom itic Conglomerate 
respective ly .
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TABLE 3 .12  C on ten t o f  G roundwater f ro m  Mendip
Sample Name NGR Date o f 2%2Rn Content Sampling pCi/kg
Ashwick Grove Lower Rising ST 652 479 Mar. 79 410.5±7.2
Oct. 79 146.2+1.5
Ashwick Grove Higher Rising ST 652 479 Mar. 79 377.3+5.8
Aug. 79 124.0+0.5
Oct. 79 115.2+2.3
Ashwick Grove Middle Rising ST 652 479 Oct. 79 176.9+2.8
Ashwick Grove, Wishing Well ST 652 479 Oct. 79 116.5±1.5
A th le t ic Nov. 79 487.6±3.9
Axbridge Rising Res. ST 431 546 Mar. 79 202.7+3.6
Oct. 79 105.4+2.1
Banwell Spring Res. ST 399 592 Mar. 79 100.3±1.7
Aug. 79 248.0+0.7
Oct. 79 82.5±1.6
Biddlecome Spring Res. ST 57 48 Oct. 79 312.2+0.8
Blackmoor Swallet ST 505 555 Mar. 79 62.8+1.0
Chewton Mendip Rising Res. ST 600 531 Oct. 79 753.0±8.1
Christon Borehole Oct. 79 189.6±3.4
Feb. 80 144.9+1.6
Country Kitchen Borehole ST 439 597 Mar. 79 916.4+17
Cross Spring Res. Crosswell ST 416 547 Mar. 79 933.2+15
Aug. 79 462.3+0.8
Oct. 79 579.7+2.3
D arsh ill Spring Res. ST 609 439 Mar. 79 711.3+13
Oct. 79 307.0+5.2
Easton Farm Borehole ST 515 482 Oct. 79 851.6+5.7
East Well Res. ST 415 567 Mar. 79 344.5+5.1
Oct. 79 251.4+2.9
TABLE 3 .1 2  c o n t .
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Sample Name NGR bate o f zzzRn Sampl1ng
Content
pCi/kg
Egford Borehole ST 756 481 Mar. 79 287.5+1.0
Oct. 79 222.1+4.0




Garrowpipe Spring Res. ST 549 549 Mar. 79 28.8+2.0
Gurney Slade Rising Res. ST 631 495 Mar. 79 245.4+1.9
Oct. 79 114.6+1.7
G rig, S P it Spring Res. ST 588 531 Mar. 79 293.4+4.8
Oct. 79 96.8+1.5
Longwood Swallet ST 486 557 Mar. 79 37.Q±0.5
Longwood Old Red Sandstone ST 486 557 Sep. •79 1865.4±6.5
Ludwells Rising ST 359 592 Mar. 79 164.5±3.3
Dec. 79 30.9±0.4
Oldford Borehole ST 785 506 Mar. 79 136.5±0.7
Oct. 79 95.6±0.6
Mells River Sink ST 735 488 Mar. 79 45.3+0.6
P itten  S tree t Slocker Dig ST 681 473 Mar. 79 19.710.4
Rodney Stoke Risingres ST 487 503 Mar. 79 148.712.9
Oct. 79 65.2+0.7
S ta in t Dunstan's Well ST 659 479 Mac. 79 149.311.0
Oct: 79 115.5±1.1
Lycopodium Hole Mar. 79 222.914.4
Lycopodium Hole Oct. 79 63.810.3
Shepton M a lle t Borehole Oct. 79 120.711.3
Sherborne Spring Res. ST 586 550 Mar. 79 279.314.8
Oct. 79 330.213.1
Shoboue Spring Oct. 79 207.1+2.9
TABLE 3 .12  c o n t .  . . .
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Slab House Spring Res. ST 593 481 Oct. 79 186.3+3.0
Stoke Lane Slocker S.C. ST 669 474 Mar. 79 6.5+0.1
Oct. 79 3.3+0.0
Swildon's Hole Swallet ST 531 513 Mar. 79 172,9j .3.4
Oct. 79 225.4±2.3
Waldegrave Swallet Dig ST 547 515 Mar. 79 54.0+0.6
Saint Andrew's Well Res. ST 552 459 Mar. 79 247.8+4.9
Oct. 79 118.9+0.2
West Down Quarry Borehole ST 718 458 Oct. 79 372.3+2.6
Whitehole Spring Res. ST 680 480 Mar. 79 434.5+7.8
Oct. 79 557.6+3.1
Ugford Sub Well Oct. 79 225.5+3.4




3.1.3 A ir  and Water Sampling in  West Twin Brook A d it
NGR ST 475 582
Small springs issue from the junc tion  o f the Old Red 
Sandstone w ith  the Lower Limestone Shale. In an attempt to  u t i l is e  the 
water resources o f the Old Red Sandstone a 297 m horizon ta l a d it  in  
West Twin Brook Valley was driven through the lower Limestone Shale 
and continued in to  the sandstone. Because o f the lower perm eability  
o f the sandstones, the a d it did not provide a useful water flow
*3 — 1
fo r  public water supply. In 1958-62 the mean d a ily  flow  was 200 m d" '.
Samples o f water and a ir  in d if fe re n t sections o f the a d it were 
co llected a t d if fe re n t times o f the year. The z^^Th,
contents o f rock samples from d iffe re n t ports o f the a d it  have also 
been determined. Results o f these analysis are given in  Tables 3.13, 
3.14, 3.15.
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Table 3.13 contents o f water from West Twin Brook A d it
(Bùrringtôn A d it) NGR 47555820
Time and date 
o f co lle c tio n
Sample
loca tion




16:20 on 8-5-79 a 1.06 76.2 ± 1.2
13:20 on 29-7-79 a 1.06 105.0 ± 1.8
15:20 on 8-5-79 b 0.995 115.7 ± 2.2
13:15 on 29-7-79 b 1.06 173.1 ± 2.5
15:40 on 8-5-79 c 1.03 641.8 ± 5.9
13:00 on 29-7-79 c 1.06 453.4 ± 3.7
15:40 on 8-5-79 d 0.92 244.1 ± 3.2
13:05 on 29-7-79 d 1.07 213.9 ± 2.6
15:50 on 8-5-79 e 1.02 1529.5 ± 2.8
12:50 on 29-7-79 e 1.05 633.1 ± 4.4
a water channel inside a d it  entrance
b water channel, 100 m from a d it entrance
c d r ip  water from Lower Limestone Shales
d water channel, adjacent to  c.
e d r ip  water from Old Red Sandstone
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Table 3.14 z22Rn contents o f a i r  samples from West Twin Brook A d it 
(Burrington A d it) NGR ST 4755 5820
Time and date Sample z^^Rn content
o f c o lle c tio n  loca tion  Volume (1) (pC i/1)
15:20 on 8-5-79 a 7.0 E-02 90.9 ± 1.2
15:20 on 8-5-79 a 8.3 72.9 ± 1.3
13:15 on 29-7-79 a 7.0 E-02 177.6 ± 4.1
15:30 on 8-5-79 b 7.9 84.2 ± 1.5
13:10 on 29-7-79 b 7.0 E-02 187.5 ± 1.9
15.40 on 8-5-79 c 7.9 110.8 ± 2.0
13:5 on 29-7-79 c 7.0 E-02 170.1 ± 3.9
15:50 on 8-5-79 d 8.3 378.3 ± 3.0
15:50 on 8-5-79 d 7.0 E-02 446.0 ± 4.4
12:40 on 29-7-79 d 7.0 E-02 410.4 ± 6.3
a 100 m from a d it entrance
b 150 m from a d it entrance
c a t Old Red Sandstone/Lower Limestone Shale jun c tion
d end o f a d it
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3.1 .4 The 222Rn Concentration in  A ir  from Some Mendip Caverns 
The 222Rn content o f a i r  samples from some Mendip 
caves are reported in  tab le  3.16. The a ir  samples were co llec ted  
a t d if fe re n t locations which varied in  th e ir  depth in to  the lim e­
stone and in  the extent o f natura l a i r  c irc u la t io n . The loca­
tions are described more f u l ly  below.
3.1.4.1 S idcot Swallet N.G.R. ST 475 583
The cave entrance is  s itua ted  2.3 m above the footpath which 
fo llow s the l in e  o f West Twin Brook V a lley. The cave has a length 
o f about 220 m and a v e r tic a l range o f 40 m (SAVAGE 1977). Two 
a ir  samples were taken, one from Boulder Chamber close to  the 
entrance and the other from Water Chamber in  the middle section 
o f the cave.
3 .1 .4 .2  Goatchurch Cavern N.G.R. ST 476 582
The cave entrance l ie s  some 50 m from S idcot Sw alle t 
on the r ig h t bank o f West Twin Brook V a lley. A 10 l i t r e  a ir  
sample was co llec ted  a t Water Chamber which is  nearly 45 m 
from the entrance.
3 .1 .4 .3  L io ne l's  Hole N.G.R. ST 479 582
The Cave entrance is  located 1.5 m above road le v e l, 
opposite East Twin Brook va lle y  in  Burrington Combe. A ir  
samples were taken from two d if fe re n t depths.
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3 .1 .4 .4  Reacf^Cavern N.G.R. ST 468 584
This Cavern is  located a few meters south o f the track  
along the south edge o f Mendip Lodgewood a t Burrington Combe.
3.1 .4 .5  Swildon's Hole 252 M.O.D. N.G.R. 531 513
A ir  samples were co llec ted  a t three lo ca tio n s , Barnes' 
loop is  a t an e leva tion  o f 161 m.o.d. and Tratman's Temple a t 
138 m.o.d. Both places are covered w ith  stalagm ite and are 
qu ite  damp. The th ird  sample was co llec ted  a t Shatter Pot 
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3.1 .5 Natural R ad io ac tiv ity  in  Soil
On the Mendip H il ls  plateau the dominant s o ils  are 
brown earth . S o ils  a t higher e levations are derived from 
sandstone o r from s i l t y  d r i f t  and are g ra ve lly  in  nature.
Such s o ils  may also o v e rlie  the limestone a t higher e leva tions.
Soil from the marginal slopes o f Mendip are mainly o f the Lulsgate 
and Wrington s o il series which o v e rlie  the Dolom itic 
Conglomerate.
Soils o f the Mendips are described in  d e ta il by 
Findlay (1965). The s o il a t G.B. Cave is  c la s s if ie d  as 
the El l ic k  and Mendip Complex series (sheet 280, so il survey 
o f England and Wales). The El l ic k  series consist o f very 
stonny brown earth derived from Old Red Sandstone w ith  brown 
ye llow ish  co lour, Mendip Complex is  s i l t y  ca ly loam w ith  reddish 
brown co lour. Both series are free-dra inage.
The fo llow ing  measurements were made w ith  s o il co llec ted  
from outside the entrance to  G.B. Cave. This s o il is  a typ ica l 
brown s o il derived from the Carboniferous Limestone.
(a) Determination o f the z^^Rn content in  the s o il a i r  
a t d if fe re n t depths.
(b) Determination o f the z^^Rn content in  s o il water.
(c) Laboratory measurement o f the z^^Rn released from the 
s o il immersed in water.
(d) Determination o f the zs^Th, content o f the
s o il
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3.2 222Rn and zzsRa Determination o f Groundwaters
from the Berkshire Chalk
The main fea ture o f th is  region is  the Chalk formation 
which o ve rlies  a sequence o f Lower Certaceous marls (G ault and Green- 
sand). The Chalk may be sub-divided in to  Upper Chalk, Middle 
Chalk and Lower Chalk. In the east o f the region, i t  is  ove rla in  
by a sequence o f Eocene s tra ta  (mostly Reading and London Clay) 
and in  the western pa rt and south o f the area, i t  is  extensive ly  
exposed (Geological Survey maps : Sheets 267, 268, 284).
The thickness o f Chalk formation in  Berkshire is  estimated to be 
about 220 m (Sherlock 1962). I t  is  a cretaceous limestone w ith  
a l l  the fundamental f is su re  ch a ra c te ris tics  o f a carbonate
aqu ife r and is  one o f the important sources o f water supply in
the Thames Valley d is t r ic t .  The aqu ife r is  confined by the Gault 
Clay below and by the Reading and London Clays above.
Two parts o f the region have been studied. The main
study area is  s itua ted  to the south o f Reading and covers an
2
area o f 180 km , (F ig .3 .2 ), where the Chalk is  confined beneath
about 100 m o f London Clay and other Eocene deposits. The second
2
region is  an area o f about 100 km extending up to  the Lambourne 
Downs, where the outcrop o f the Upper Chalk is  exposed. The 
loca tion  o f sampling s ite s  and the z^^Rn and zzsRa contents o f 
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3.3 Radiochemical determ ination on Groundwater and A q u if/e r
Rocks from Iceland
Iceland is  a plj^ateau varying in  average height from 
650 m to  1000 m and is  formed mainly o f v^ l^on ic  rocks, mostly 
flood  basalts. The o ldest rocks exposed are b a s a ltic  lava 
flows o f T e rtia ry  age (<60 Ma) which l ie  on a SW/NE b e lt  across 
the Iceland, on separated e ith e r side o f th is  b e lt  are younger 
voleanics o f Quaternary and Recent age. These are mainly b a s a ltic  
T u ffs , Lava flows and p illo w  lavas.
The southern and cen tra l zone o f Iceland is  a continua­
tio n  o f the r i f t  zone o f the M id -A tla n tic  Ridge and Volcanic 
a c t iv i ty  in th is  region produces many hot springs, steam vents 
and geysirs. A ll the high temperature areas are s itua ted  w ith in  
the zone o f ac tive  volcanism. Ice land ic  thermal water is  con­
sidered to be o f meteoric o r ig in  and is  comparatively low in  
dissolved so lids  (Arnorsson e t al 1969). In the Reykjanes 
thermal area o f S.W. Iceland ( f i g . 3 .3 ), however, the thermal 
f lu id  is  not meteoric water but is  o f seawater o r ig in  (Bjorsson 
e t al 1972). Groundwater systems on Iceland are genera lly  extensive 
frac tu red  rock systems ( f i g . 34), in  which the waters are 
contained both in  frac tu res  and lava ca v itie s  (F r itz  e t a l , 1980).
In some areas deposition o f s i l ic a  and c a lc ite  occurs in  
the aqu ife r when depressurisation and b o ilin g  (fla sh in g ) occur.
The consequent loss o f COg and increase in  pH o f the f lu id  
re su lts  in  c a lc ite  p re c ip ita tio n .
The e ffe c t o f p a r t ic le  size on z^^Rn release, fo r  crashed 
samples o f volcanic rocks was investiga ted . The amount o f zz^Rn 
released in to  the water from various size fra c tio n s  was determined 
by the method described in  section 2.5. The concentration
165
was determined by D.N.A.A. method (section  2 .6 ). Results are 
given in  Table 3.20 to 3.24.
The zzGRa content o f some Ice land ic thermal waters were 
determined by the z^^Rn de-emenation method (section  2.1 )
and re su lts  are given in  Table3.25.The a c t iv i ty  o f z^SRa in  c a lc ite  
from various depths in  an Ice land ic  geothermal well was determined 
by ca lc ite /H C l so lu tio n , fo llowed by z^^Rn ingrowth and de­
emanation. The resu lts  are given in  Table 3 .27.
The contents o f zs^Th and K in  some Ice land ic  rocks
were determined by y-spectrometery (section 2.10)These resu lts  are 
given in Table 3.2 6.
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Figure 3.3 Geological map and location of samples of Iceland
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Table 3.29 release from sized fra c tio n s  o f Keuper Marl and
Tea Green Marl from Winford
KEUPER MARL
P a rtic le  Mass o f , r el ease % Rn
diameter sample ' pCi/kg Releas(
pm g
29 230.1 0.184 298.8 ± 4.27 16
64 43.0 0.125 328.0 ± 3.5 18
90.5 62.0 0.105 326.8 ± 6.2 18
128 80.6 0.088 430.0 ± 4.9 24
181 97.1 0.074 246.8 ± 4.2 14
257 1 5 5 . 6  0.062 258.7 ± 4 . 5  14
362 123.1 0.052 232.6 ± 5 . 1  13
512 290.9 0.044 336.5 ± 1 . 3  18
725 214.3 0.037 250.2 ± 3.8 14
1600 461.3 0.025 145.0 ± 1.8 8
TEA GREEN MARL
29 230.8 0.184 293.6 ± 2.3 .20
64 38.9 0.125 450.7 ± 4.4 31
90.5 58.7 0.105 524.8 ± 7.8 36
128 71.8 0.088 495.1 ± 6 . 4  34
181 80.4 0.074 455.6 ± 7.3 31
256 73.8 0.062 407.4 ± 6.3 28
362 77.6 0.052 425.2 ± 3.2 29
512 278.3 0.044 374.2 ± 2.9 26
725 192.0 0.037 391.6 ± 8 . 2  30
1600 453.4 0.025 317.7 ± 4.7 22
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C H A P T E R  4
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4.1. The mechanism o f release from rocks
The amount o f ^^^Rn present in  groundwater is  genera lly very 
much greater (>200 times) than the amount o f the ^^®Ra dissolved in  
the water. The excess o f ^^^Rn must be supplied by ^^^Ra decay w ith in  
the rock. Several processes are involved in  ^^^Rn release from rocks 
and these are discussed below.
4.1.1 The g -re c o il process
zzGRa d is in te g ra tio n  produces an atom o f ^^^Rn and an a -p a r tic le , 
The 222Rn nucleus is  formed w ith a k in e tic  energy o f about 85 keV and
so has s u ff ic ie n t energy to  escape through rock surfaces, provided tha t
the re co il nucleus is  formed w ith in  3 x 10"®m o f the surface. The
re co il range fo r  minerals w ith density about 2 g/cm^ is in range 
o f 2 X 10"®to 7 X 10"®m (Tanner 1980). The con tribu tio n  o f d ire c t 
re co il to ^^^Rn release depends on the sp e c ific  surface area o f the 
p a rtic le s  which form an in te r s t i t ia l  flow  system.
Assuming th a t the surface is  f l a t  and ^^®Ra is  un iform ly d is ­
tr ib u te d  w ith in  the m a te ria l, the re co il escape percentage fo r  various 
pa rtic le -d iam eters  can be given by the fo llow ing  equation:
S.e.Trd^ .R.p _ 4.9 x 10“  ̂
ïïcFp d
e = escape p ro b a b ility  fo r  the radon atom is  equal 
to  0.23 (Andrews and Wood, 1972) 
d = p a rt ic le  diameter (pm) 
p = the rock density
R = the 222Rp re co il range approximately 0.036 pm
The diameter o f most rock p a rtic le s  is  greater than the re c o il
range o f ^^^Rn , therefore only a small percentage o f formed in
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grain can escape by d ire c t re c o il.  For example fo r  100pm diameter 
p a rtic le s  only 0.49% o f ^^^Rn can escape through the rock surface.
In porous m ateria ls in  which the pore diameter is  sm all, re co il 
222Rn atoms from the pore surfaces may cross the a i r - f i l l e d  pore 
space and become embedded in  the opposite w a ll,  so the re c o ilin g  atom 
penetrates the adjacent grain to  form a pocket o f depth about lOnm.
The energy absorbed along the re co il path is  estimated to be s u f f i ­
c ie n t to melt the so lid  materia l in the re co il pocket. Recoil atoms 
trapped a t the end o f the pocket have a chance to  d iffu s e  out i f  the 
thermal con duc tiv ity  is  o f the same order o f magnitude as the d i f f ­
usion c o e ff ic ie n t (Zimen, Mertens, 1971). Water present in  pores, 
c a p illa r ie s  and s tru c tu ra l ca v ity  in mineral c rys ta ls  would increase 
the p ro b a b ility  o f term ination o f ^^^Rn isotope re co il path in these 
spaces.
4.1.2 D iffus ion  o f ^^^Rn through rock matrices
The emission o f radon from the c rys ta l la t t ic e  is  the sum o f 
d ire c t- re c o il release a t surface and d iffu s io n  o f zzzRn to  the surface. 
The d iffu s io n  c o e ffic ie n ts  fo r  radon isotopes w ith in  c ry s ta llin e  so lids  
is  estimated to be less- than 10’ ^°cm^sec"^. For small d iffu s io n  
c o e ff ic ie n ts , only a lim ite d  movement in to  the la t t ic e  can occur and 
d iffu s io n  is  u n lik e ly  to  account fo r  the high percentage ^^^Rn release 
observed in  rocks. Crystal im perfections and d is loca tion s  would 
provide re la t iv e ly  easy d iffu s io n  routes, and there is  the p o s s ib il i ty  
o f d iffu s io n  o f z^^Rn through the zones o f ra d ia tio n  damage.
z22Rn released a t rock surface w i l l  m igrate by two d if fe re n t 
mechanisms. E ithe r by d if fu s io n , w ith in  the a ir  and water, or by 
tra nsp o rt, due to water movement. In the transport mechanism, 
is  ca rried  by the l iq u id  i t s e l f  as i t  moves through the porous medium.
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The re la t iv e  con tribu tions  o f d iffu s io n  and transport to  m igration o f 
zzzRn are d i f f i c u l t  to determine in  p rac tice . The d iffu s io n  mechan­
ism is  generally assumed to take place in  the m icro -frac tu res and 
small pores. The transport mechanism can occur when there is  a slow 
percola tion o f water through the porous rock. The value o f the 
d iffu s io n  c o e ff ic ie n t fo r  radon can be calcu la ted by the formula 4.1
fln [R n „]/[R n
^--------   4.1
where [Rn^] is  the number o f radon atoms a t distance x from the rock 
surface.
[Rn^] is  the number o f atoms a t the surface.
D is  the d iffu s io n  c o e ff ic ie n t.
A is the decay constant.
The value o f [D/A]z is  defined as d iffu s io n  length.
The d iffu s io n  c o e ffic ie n ts  fo r  some limestone rock samples were 
found to be about 10"^ cm̂  sec"^(Table 3 .28). The d iffu s io n  c o e ff ic ­
ients fo r  222Rn in  water and a ir  are about 10"^ cm̂  sec"^ and 0.1 cm= 
s e c 'i re spective ly . The corresponding d iffu s io n  lengths a t which the 
222Rn concentration is  reduced by a fa c to r o f e "^ , ie  0.367, o f the 
surface value, are 0 .% , 2.18 and 218 cm fo r  rock and water and a ir  
respective ly .
4.1.3 Transport by in te r s t i t ia l  f lo w .
222Rn m igration fo r  long distances cannot be explained by the 
d iffu s io n  mechanism alone. Water movement through a porous medium 
would also have an important ro le  fo r  ^z^Rn movement. Groundwater 
flow  modes and v e lo c ity  depend upon the nature o f the perm eab ility , 
espec ia lly  upon whether perm eability  is  due to frac tu res  ( jo in ts  or 
bedding planes) or in te rg ranu la r pores.
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Andrews and Wood (1972) have shown tha t z^^Rn transport is  much more 
e ffe c tiv e  than d iffu s io n  in  causing o f ^^^Rn m igration . The ^^^Rn 
concentration gfandient may be ca lcu la ted from the equation:
Xx
V
where is  the number o f ^^^Rn atoms a t distance x from the rock surface.
Ng is  the number o f ^z^Rn atoms a t the rock surface.
X is  the 222Rn decay constant.
V is  the v e lo c ity  o f the water movement.
In an in te r s t i t ia l  flow  medium, slow perco la tion  through the 
pore spaces generally re su lts  in  an adequate residence time (225 days) 
fo r  the zzzRn content o f the water to reach an equ ilib rium  value. 
In te r s t i t ia l  water contacts a large surface area o f rock and the z^^Rn 
content should there fore  be much greater than th a t fo r  water from 
fissu re  flow  systems where the s p e c ific  surface area is  low.
4.2 The possible sources o f z^^Rn in  the groundwaters o f the 
Mendip H il ls
The 222Rn content o f these groundwaters may be due to  ^^^Rn 
derived from
a) the s o il zone,
b) surface water which enters sw a lle ts ,
c) perco la tion  in  t ig h t  frac tu res  o f the carboniferous 
limestone,
d) perco la tion  from the Old Red Sandstone which reaches the 
limestone by leakage through the Lower Limestone Shales.
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The hydrology o f limestone aquifers has been represented schematically 
by Smith e t at (1976). A m od ifica tion  o f th is  diagram which id e n t i­
f ie s  the important flow  regimes fo r  ^z^Rn generation or loss , is  shown 
in fig u re  4 .2 .a. The mechanisms fo r  such ^z^Rn so lu tion  and loss are 
summarised in  fig u re  4 .2 .b  and are discussed in  more d e ta il below.
4.2.1 222Rn in the s o il zone
Soil is  a h igh ly  porous m ateria l and rainwater percolates 
through i t  in  a complex manner, depending upon the sa tu ra tion  h is to ry  
o f the s o i l .  In the v ic in i ty  o f s o il/ro c k  boundary, the s o il may 
become saturated due to the lower perm eability  o f the rock. Measure­
ments o f the s o il moisture content o f the s o ils  overly ing  GB Cave 
(Mendip) have shown th a t there is  l i t t l e  seasonal change a t depths
criC\
greater than 30cm. (F ried 1981). The moisture content a t these 
depths corresponded to about 30 - 50% sa tu ra tion  o f the s o il pore spaces. 
I t  is  probable th a t flow  mechanism through the s o il depends upon the ex­
ten t o f i t s  e a r l ie r  sa tu ra tion . I f  the s o il has been to ta l ly  saturated 
by frequent r a in fa l l  over several months, i t  seems l ik e ly  th a t p iston 
flow  through the pore spaces predominates. Following dry periods, sh rink­
age o f c lay m inerals can cause fra c tu r in g  o f the s o il laye r and rap id - 
flow  channels through the s o il can be established. Bouma and Dekker 
(1978) have established th a t as much as 65% o f the flow  through s o ils  
may fo llo w  a short residence time route through m icro fissures. For
• r  ■
Mendip, Fried (1981) showed th a t the s o il sa tu ra tion  d id  not increase 
fo llow ing  storm cond itions, suggesting tha t most o f the storm water must 
pass through the ra p id -flo w  system. The water residence time w ith in  the 
lower s o il zone may in some circumstances be long enough to  allow  ^^^Rn 
eq u ilib riu m  in-grow th.
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During the w in te r, ra in  and frozen ground tend to block the s o il and 
cause accumulation o f z^^Rn. Saturation o f the s o il minimises z^^Rn 
d iffu s io n  to the a ir .  This leads to an increase o f z^^Rn in  so lu tion  
in the s o il water. During summer, the re la t iv e  dryness causes increased 
d iffu s io n  losses o f ^z^Rn through the s o il zone to the atmosphere.
The average amount o f z^^Rn released in to  water by typ ica l 
Mendip s o ils  was determined by immersion o f s o il in  d is t i l le d  water and 
was shown to  be 335 pCi/kg (Table 3 .17). The equiva lent z^^Rn content 
o f pore water fo r  s o il w ith  a po ros ity  and bulk density  o f 0.55 and 
I.Zg/cmf respective ly  (Hausenbuil1er, 1973) is  730 pC i/1. This is  based 
on the assumption th a t a l l  the released Rn is  dissolved in  the water 
which ju s t  saturates the pore spaces.
The average content o f the s o i l ,  determined by y-spectrometry 
is  5.4 ug/g. The fra c t io n  A o f z^^Rn released in to  the water may be 
calcu la ted from the equation:
[Rn] = A (1 -  e 'A t)
where [Rn] is  the ^z^Rn concentration in  the pore water, 
p is  the density  o f s o i l ,
(p is  the fra c tio n a l po ros ity ,
[U] is  the uranium content o f the s o i l .
At eq u ilib riu m  th is  equation becomes:
S ubs titu tion  o f values in  th is  equation shows th a t the fra c tio n a l release o f 
222Rn in s o il is  0.187 and th is  may be compared w ith  the fra c tio n a l 
value o f 0.125 fo r  the Carboniferous Limestone. The higher fra c tio n a l 
222Rn release fo r  s o il is  a consequence o f i t s  high s p e c ific  surface 
area compared w ith th a t fo r  limestone.
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The ca lcu la ted value fo r  the s o il water content (730 pCi/1)
may be compared w ith the actual s o il water z^^Rn content. This was 
determined d ire c t ly  by f ie ld  c o lle c tio n  o f s o il water on 15.11.80 
(Table 3.18) and was 690 pC i/1. The residence time o f the s o il water 
must there fore  be a t lea s t 25 days since e q u ilib riu m  has been estab- 
1 ished.
Whether or not such high zzzRn contents are input to  the 
limestone from the s o il zone depends very much upon the re la t iv e  pro­
portions o f long residence-time s o il moisture and rapid flow  p re c i­
p ita t io n . Under storm conditions i t  is  l ik e ly  th a t the ^^^Rn content 
o f water passing through the s o il laye r is  very much less than the 
equ ilib rium  value. The eq u ilib riu m  value may be approached a f te r  long 
periods o f frequent r a in fa l l .  Any z^^Rn in  water which passes through 
the s o il zone would become d ilu te d  or decay w ith in  condu its , o r would 
eventually be replaced by zz^Rn generated in  the t ig h t  fra c tu re  system, 
as ind icated schem atically in  fig u re  4 .2 .b . The co n tr ib u tio n  o f the 
s o il zone to the zzzRn contents o f groundwaters in  the Carboniferous 
Limestone, is  there fore  genera lly  not very s ig n if ic a n t.
4.2 .2 Swallet water and conduit flow
Due to  the tu rbu le n t nature o f stream flow  and the consequent 
aera tion , sw a lle t water has a very low zzzRn content. Typical zzzRn 
leve ls o f sw a lle t waters are in  the range 6 to  50 pCi/1 (e .g . Stoke 
Lane Slocker and Waldegrove Sw alle t. Table 3 .12). Therefore, i f  
conduit flow  is  fed by a sw a lle t stream, i t  should have a low zzzRn 
content. Also due to the small rock surface in  condu its , water w ith in  
them would be expected to have a low content, in  comparison w ith
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Figure 4.1 Flow o f Cheddar Spring 1969-1970 (a fte r  Atkinson)


















< Z 3to h -z c
= 3 to







— I •r -  5Q. O
o rO 1—













LU to —I toz OJ CO OJo i- 3 < &_1— 3 O 1— 3to to r— toL■” f LU to
4- -O 1— 4- 4-><tOJ CL 3 0) 3cn to cn 73
i -  o: s. C





• I -  to
3 to ». to*o <U <U— f d)
C > > >
O  to to ftJ



































FAST PERCOLATION SYSTEM 
LARGE-SEPARATION FRACTURES
Low Rn High Rn
Rn d ilu te d  
w ith  low Rn 
water o r Rn 














w ith  re s i­
dence time
Rn content becomes charac­
te r is t ic  o f the limestone 
ra ther than the s o i l .
r
Low Rn content High Rn content ^
<30 pCi/1 100-700 pCi/1
\  7
SPRING FLOW
Figure 4.2b Possible routes fo r  zz^Rn content increase in  groundwater
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sources which have a large proportion o f pe rco la tion  water w ith in  them. 
For example, Cheddar spring responds ra p id ly  to  r a in fa l l  and under 
these conditions i t s  recharge is  predominantly through sw a lle t systems. 
This can be seen from fig u re  4.1 (from Atkinson, 1977) where the to ta l 
flow  can be up to 7 times the base perco la tion  flow . The zzzRn content 
o f Cheddar ranges from 40 to 200 pCi/1 ( f ig u re  4.8) and th is  is  much 
less than fo r  springs which are predominantly due to  perco la tion  
(e .g . Cross Spring - 900 pC i/1 ).
4.2 .3 zz2Rn contents o f perco la tion  waters from Carboniferous
Limestone (cave d rip s )
Percolation flow  in  Carboniferous Limestone is  due to  movement 
along t ig h t  frac tu res and/or bedding planes. Flow v e lo c it ie s  range 
from 0.25 m/day to lOm/day (Smith, 1976). This type o f perco la tion  
forms the slow drips from many cave roo fs . There is  another kind o f 
perco la tion  which is  due to the c o lle c tio n  o f r a in fa l l  through closed 
depressions. These depressions are connected to  so lu tio n  pipes or 
small caves which commonly e x is t beneath the depression f lo o r .  These 
kinds o f perco la tion may become enlarged to form small so lu tion  channels 
but flow  times are genera lly much la rg e r than fo r  conduit flow . Any 
p a rt ic u la r  cave d r ip  may show a combination o f these two kinds o f 
pe rco la tion . The terms "slow" and " fa s t"  pe rco la tion  were proposed by 
Smith e t al (1976) to  describe these kinds o f flow . La te r, Atkinson 
(1977) used the terms base flow  and quick flow  as a func tiona l c la s s i­
f ic a t io n  to  account fo r  the co n trib u tion  o f these flow  types to spring 
discharges. In th is  c la s s if ic a t io n  "qu ickflow " comprises stream s ink- 
water and rapid perco la tion flow  from closed depressions.
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The unsaturated zone o f the limestone has been discussed by Friederich 
(1982) and percola tion flow  in G.B. Cave is  c la s s if ie d  in  f iv e  flow  types, 
namely:
(1) Seepage flow  in le ts  respond slow ly to  ra in fa l l  and 
w ith  a long residence time.
(2) Shaft flow  and vadose flow  in le ts  respond almost in s ta n t­
aneously to  ra in fa l l  w ith  a quick flow  behaviour.
(3) Subcutaneous flow  only occurs a f te r  a prolonged period o f 
ra in , when the ra in fa l l  stops subcutaneous flow  ceases.
(4) Percolation streams w ith base flow  c h a ra c te r is tic s .
(5) Percolation streams w ith  quick flow  c h a ra c te r is tic s .
The cave d rips studied in  th is  work may be c la s s if ie d  as fo llow s :
a) Inflows w ith  baseflow c h a ra c te r is tic s :
White Passage,"slow d rip "
Great chamber,"half-way d rip "
b) Inflows w ith quick flow  c h a ra c te r is tic s :
Entrance d rip
White Passage,"new d rip "
Great Chamber,"entrance d rip "
c) Inflows w ith  both baseflow and quick flow  c h a ra c te r is tic s :
White passage, perco la tion  
stream.
The hydro log ica l character o f these cave flows is  probably not as simple as 
th is  c la s s if ic a t io n  suggests and th is  is  re fle c te d  in  the complex response 
o f th e ir  contents to  change in  flow  pattern and r a in fa l l .  I t  is  not
possible to  f u l ly  account fo r  these changes but some in te re s tin g  features
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are discussed below.
An increase in  flow  in  the rapid perco la tion  (qu ickflow ) system 
could be expected to  lead to  a decrease in  the zzzRn content due e ith e r 
to d ilu t io n  by rapid recharge or to  loss because o f aerations since
the qu ickflow  system is  e s s e n tia lly  vadose. The rapid perco la tion  system 
is  necessarily  one in  which the fra c tu re  separations are la rge . Con­
sequently the fra c tu re  f lu id  volume/surface area ra t io  is  small and the 
zzzRn content which can be generated in  the f lu id  is  low. Furthermore, 
zz2Rn eq u ilib riu m  cannot be established in  the rapid flow  system. Con­
versely, fo r  the slow perco la tion  (baseflow) system, the longer water 
residence times and la rg e r f lu id  volume/surface area ra t io s , a llow  la rge r 
zzzRn contents to  be generated.
Sources o f pe rco la tion  water which are not too deep in  the cave 
system, e .g . Entrance Drip ( f ig .  4 .2) and the White Passage sources 
( f ig s .  4 .3 , 4.5) a l l  show a decline in  z=zRn content during August/ 
September 1979 in  response to a period o f r a in fa l l .  This can be explained 
by an increased flow  in  the rapid perco la tion  system. In three out o f 
these fou r cases, the decrease is  followed by a large increase in  the 
zz2Rn content. This must be due to  an increase in  the s low -perco la tion 
flow , which occurs during the recession o f the fa s t-p e rco la tio n  system. 
Such flow  behaviour has been observed by dye-traces fo r  several springs 
on Mendip (Smart, 1981).
Sources which are deeper in  the cave system show a s im ila r  decrease 
f l  o i l  owed by an increase in  th e ir  ^^^Rx\ contents a t th is  period. The 
recession from the peak a ttr ib u te d  to the slow -perco lation system is ,  
however, much slower than fo r  the shallower sources. The general res­
ponse o f these deeper sources is  in con trast to the general ^^^Rn decrease 
as flow  increases fo r  the shallower sources. This behaviour is  a ttr ib u te d
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Table 4.1 Duration o f highest z^gRn content from G.B. Cave
Drip name Depth Date 222%̂ content
O.D. (m) pC i/l
Entrance d r ip  220 10- 9-79 407
Slow d r ip  202 26- 6-79 153
Slow d rip  20- 6-79 137
Percolation stream 198 10- 7-79 263
Percolation stream 18- 9-79 362
New d r ip  194 10- 9-79 153
New d r ip  20-11-79 512
Great chamber
Halfway 150 25- 4-79 703
Great chamber
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to the greater importance o f the s low -perco lation system a t depth in 
the cave.
Longer pathways through the rock fo r  the deeper sources, would 
also extend the residence time o f the water in  the fra c tu re  system, thus 
enhancing the ^^^Rn content. However, due to  the complicated nature 
o f these d rip s , the ^z^Rn content o f these sources is  not always in  the 
same trend w ith hydrological modelling o f the d rip s . Therefore the 
influence o f the s o il in  con tro l o f radon a c t iv i t ie s  can be taken in to  
account. For example, in  the case o f entrance d r ip s , F riederich (1981) 
suggests tha t the consolidated i n f i l l  o f Entrance Grotto w ith c a lc ite  
m atrix and many sandstone pebbles is  presumably the reason fo r  the high 
radon concentrations. Also leakage o f Old Red Sandstone through the 
Lower Limestone Shale in to  limestone aq u ife r are pointed out by several 
authors (Andrews, 1972; Stenner, 1973).
4.2.4 Theoretical ca lcu la tions  o f the z^^Rn concentrations in
fra c tu re  f lu id s
222Rn is  released in to  so lu tion  a t a rock/water in te rface  by an 
a lpha-reco il process (Andrews and Wood, 1972) from depths w ith in  the 
re co il range fo r  222^^ fpQ^ the surface and by d iffu s io n  from greater 
depths below the rock surface. I f  the rock approximates to  a perfect 
c ry s ta llin e  la t t ic e ,  the d iffu s io n  c o e ff ic ie n t w ith in  i t  is  probably 
<10-20 cm2 5- 1  ̂ and d iffu s io n  can con tribu te  l i t t l e  to  so lu tion .
However, i f  there are s ig n if ic a n t c rys ta l imperfections due to im purities  
or i f  there is  re la t iv e ly  rapid d iffu s io n  a t d is lo ca tio n s , grain boun­
daries and m ic ro -frac tu res , the d iffu s io n  o f ^^^Rn from below the rock 
surface, may become s ig n if ic a n t.  The 222%̂  d iffu s io n  co e ffice n t fo r  
a homogeneous s lic e  o f Carboniferous Limestone was determined experi-
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mentally in  th is  work and the measured value was lOr? cm̂  s“ ^, much 
la rger than fo r  c rys ta l la t t ic e  d iffu s io n .
The 222Rn generation ra te , G, o f a rock is  given by:
G = 0.7336 . [U ] ■ p cm-3
where [U] and p are the U-content (pg g“ ^) and density (g cm"^) respec­
t iv e ly .  The d if fu s iv e  movement o f 2=2Rn through the rock in a d ire c tio n  
X, is  described by:
= Cq e“ X//X/D
where C^, are the concentrations a t x = 0 and x respec tive ly , D is  
the d iffu s io n  c o e ff ic ie n t and X is  the 222%̂ decay constant. Applying 
th is  equation to d iffu s io n  from below a rock surface and in te g ra tin g  
numerically from the surface downwards, i t  may be shown th a t the fra c tio n
o f the to ta l 222^^ generated in  a 1cm th ic k  layer which can migrate to
the surface is  0 . 211, fo r  the d iffu s io n  c o e ff ic ie n t quoted above.
The volume o f f lu id  trapped between a fra c tu re  w ith surface area 
2A and separation d, is  dA. The 222%̂ content o f th is  f lu id  due to 
d iffu s iv e  loss o f radon from a 1cm th ic k  layer o f rock on e ith e r side o f 
the fra c tu re  is  given by:
[Rn] = 2.1000.G.0.211/d p C i/ l i t r e
where G is  the generation ra te /u n it  area o f surface to a depth o f
1 cm. For Carboniferous Limestone o f density 2.6g cm"^ and w ith a U- 
content o f 1 pg g "^ , the Rn content o f fra c tu re  f lu id s  fo r  various fra c tu re  
separations is  tabulated below:
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F r a c t u r e  s e p a r a t i o n  c o n t e n t  o f  f l u i d





These estimates o f z^^Rn release by d iffu s io n  from rock surfaces in to  
frac tu re  f lu id s  show th a t high zz^Rn contents can e x is t in  f lu id s  in  
the slow perco la tion system o f the Carboniferous Limestone.
4.3 222Rn content o f Carboniferous Limestone groundwaters
(springs and boreholes)
The temporal v a r ia tio n  o f the 222Rn contents o f some Mendip 
springs and a deep borehole source are i l lu s tra te d  g raph ica lly  in  
figures 4 .8 , 4 .9 , 4.10 and 4.11. The seasonal va r ia tio n  o f the 222Rn 
content fo r  each source is  shown by connection o f the maxima points o f 
222Rn a c t iv i ty  in  each fig u re .
4.3.1 Springs
For the spring sources there is  a general c o rre la tio n  between 
high 222Rp content and periods o f high r a in fa l l .  The ^^^Rn content is  
generally lower during the summer. There are several sw allets which 
constribu te to the flow  o f these springs. (Table 4.2) but the sw a lle t 
input can account fo r  only a few percent o f the to ta l flow . The rem­
ainder must be due to perco la tion  through the rock s tru c tu re . This is  
supported by the 222Rp determ ination, since a more e ffe c tiv e  prim ing o f 
percola tion flow  along frac tu res  and bedding planes would be expected
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during the w in te r and th is  re su lts  in higher contents during th a t
season. During the summer, a less e ffe c tiv e  priming o f flow  through 
t ig h t  fra c tu re s , re su lts  in  lower 222^^ contents, the frac tu res  re ta in in g  
water by c a p illa ry  action  but w ithout s u ff ic ie n t head to cause flow  o f 
high 222Rp_content water from them.
For example, fo r  Cheddar Spring, ( f ig .  4 .8 ), the average 222%̂ 
content decreased during the summer o f 1979 (June - August). The very 
sharp tra n s ie n t increase in  222%̂ content a fte r  September 10th was 
accompanied by s im ila r  trends fo r  the G.B. Cave d rip s . This sudden in ­
crease in  2 22Rp contnet is  probably due to prim ing o f the slow per­
co la tion  system, thus re leasing stored water which has been held in  the 
rock fo r  a long tim e, (>25 days). The lower peaks during the w in te r 
may be explained by more frequent flush ing  o f the s low -perco lation 
fra c tu re s .
The 222Rn content o f the Mendip resurgences may also be ex­
pected to depend upon flo w -ra te s . This dependence is  a complex one, 
the 222Rp content being reduced a t high flow  rates by d ilu t io n  w ith  
water from sw a lle t inp u ts , conduit storage and the qu ick-flow  pe rco l­
a tio n . The decay o f 222Rp from the slow pe rco la tion , which enters the 
conduit system, is  n e g lig ib le  under high flow  cond itions , but in  such 
222Rn inpu t is  in s ig n if ic a n t because o f the large d i lu t io n .  Under low 
flow  ra te  cond itions , the 222Rp from the slow perco la tion  system may 
decay s ig n if ic a n t ly  during conduit transm ission. Tracer studies fo r  
Longwood sw a lle t to Cheddar resurgences (Smart, 1981), fo r  example, 
show th a t transmission times w ith in  conduits range from a few hours to 
a few days ( f ig .  4 .8a). The extent o f 222Rp decay in  conduits is  
therefore not l ik e ly  to  exceed about 50% (one h a l f - l i f e ) .  Flow ra te , 
however, varies by a fa c to r o f 10 and the generally higher 222Rp
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contents in  the h igh-flow  season must therefore be due to more e ffe c ­
t iv e  prim ing o f the slow perco la tion system.
R ickford and Langford springs ( f ig s .  4 .9 , 4.10) have a common 
catchment area. A ll the id e n t if ie d  sw alle ts drain to  both springs w ith  
the exception o f Ubley H i l l  Pot which drains only to  R ickford . These 
springs are only 1 m ile  apart but the t ra n s it  times from the sw allets 
are o ften  very d if fe re n t (ta b le  4 .2 ). These springs have been the 
subject o f many studies (Tratman 1968, Smith and Mead, 1962, Newson 
1970, Newson 1972). Smith and Mead recognised tha t the two resurgences 
e x h ib it very d if fe re n t chemical responses to high discharges. Langford's 
hardness f a l ls  steeply during the passage o f a flo o d , whereas there is  
l i t t l e  change a t R ickford . Drew, Newson and Smith (1968) as a re s u lt 
o f dye tra c in g  described R ickford as "the more maturely developed r is in g  
and a major o u tle t fo r  the waters o f the area". From ca lcu la tions  o f 
the aggressiveness o f the water, Newson (1972) concluded th a t Langford 
has a more extensive conduit system than R ickford. However, both springs 
have about 90% o f perco la tion  water feeding the conduit flow . Smith and 
Drew (1975) suggest th a t the underground flow  systems are composed o f 
separate conduits, which carry  water from ind iv id ua l sw alle ts to reach 
both resurgences w ithout m ixing.
I t  always requires more time fo r  flow  to Langford than to  the 
R ickford spring. The average ^z^Rn content fo r  Langford was genera lly 
higher than th a t fo r  R ickford . The very large flu c tu a tio n s  in  the 222^^ 
content o f Langford spring are l ik e ly  to be caused by d ilu t io n  o f the 
spring water by d ire c t surface run o f f  in to  the spring immediately 
fo llo w in g  r a in fa l l .  The genera lly higher 222^^ content o f th is  spring 
compared w ith  Rickford is  probably a consequence o f Rn loss due to 
aeration before the c o lle c t io n  po in t a t R ickford.
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4 .3 .2  The c o n te n t  o f  Shipham b o re h o le
The zzzRn content o f Shipham borehole was almost uniform and 
in va riab le  w ith  season. I ts  z^^Rn content responds qu ick ly  to  ra in ­
storms. Four sharp decreases in  z^^Rn content were observed (F igure 
4.11) and i t  took 50 to 60 days fo r  ^z^Rn content to  recover to  i t s  
highest possible po in t. The gradual increase o f s^^Rn content during 
the summer (between the middle o f June and the end o f August) con­
tra s ts  w ith  the general decline in  s^^Rn content observed fo r  spring 
sources during the summer. Sampling a t 30-minute in te rv a ls  fo r  8 
hours a fte r  f i r s t  pumping the borehole shows tha t the ^z^Rn content 
increases during the f i r s t  hour. A fte r one hour there is  a gradual 
decrease in  ^^^Rn content (Figure 4 .12). Caution was exercised and 
samples were always co llec ted  a t le a s t 30 minutes a fte r  the s ta r t  o f 
pumping.
An approximate ca lcu la tion  shows th a t i t  takes 38.5 minutes 
fo r  one borehole volume (0.9mP) to be removed by pumping a t the normal 
ra te  o f 1.4 m^hr"^. This is  in  good agreement w ith  the observed time 
to  reach the maximum in  f ig u re  4.12.
The sudden decrease in  z^^Rn content due to ra instorm s, the 
long recovery tim e, and the generally high leve l o f ^z^Rn a c t iv i ty  
are ind ica to rs  o f a complex combination o f slow perco la tion  and fa s t 
conduit water. These observations are best discussed in  re la tio n  to  a 
simple modle o f the aqu ife r (Figure 4 .13). The borehole can draw water 
from both large dimension fissures or conduits and from t ig h t  frac tu res  
or fissu re s . The low z^^Rn content observed when the borehole is  f i r s t  
pumped is  due to  storage w ith in  the borehole. During th is  storage 
222Rn can decay. The high^^^pp content (= 800 p C il"^ ) a tta ined a fte r  
the f i r s t  30 minutes o f pumping, must be due to abstraction  o f water 
from the t ig h t  fra c tu re  storage system.
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To explain the sudden decrease in  ^z^Rn content immediately 
fo llow ing  a ra instorm , the presence o f a large conduit system must be 
postulated. This is  only primed under very high r a in fa l l  cond itions , 
and i t  brings low ^z^Rn water in to  the borehole, probably a t a higher 
leve l than the normal abs trac tion . A fte r rainstorms i t  takes about 50 to 
60 days fo r  the z^^Rn content a t Shipham borehole to  recover. This is  
longer than the ingrowth time fo r  z^^Rn re co il processes which should 
allow  a 50% recovery in  5 days. The slower recovery is  caused by a 
combination o f the recession o f flow  through the large channels and 
































Table 4.2.1 content o f Shipham borehole during 8 hours sampling
a t 30-minute in te rv a ls
Time and date Mass o f zz^Rn content (pC i/kg)
o f c o lle c t io n  sample (two sigma e rro r)
9:45 on 3-3-80 1.07 477.2 ± 6.16
9:52 on 3-3-80 1.06 401.5 ± 4.7
9:54 on 3-3-80 1.2 401.5 ± 6.1
9:58 on 3-3-80 1.2 505.3 ± 6.1
10:04 on 3-3-80 1.08 661.3 ± 8.0
10:07 on 3-3-80 1.2 503.9 ± 5.7
10:18 on 3-3-80 1.18 701.8 ± 8.3
10:29 on 3-3-80 1.2 691.6 ± 6.7
10:40 on 3-3-80 1.04 848.5 ± 8.3
10:55 on 3-3-80 1.16 775.2 ± 8.3
11:15 on 3-3-80 1.205 742.2 ± 7.5
11:35 on 3-3-80 1.07 805.7 ± 8.8
12:00 on 3-3-80 1.2 632.4 ± 2.4
13:00 on 3-3-80 1.18 782.3 ± 8.4
13:30 on 3-3-80 1.065 693.99± 8.5
14:00 on 3-3-80 1.215 535.56± 6.8
14:30 on 3-3-80 1.085 753.07± 9.2
15:00 on 3-3-80 1.06 700.55± 8.8
15:30 on 3-3-80 1.075 712.81± 6.2
16:00 on 3-3-80 1.06 742.6 ± 9.4
16:30 on 303080 1.205 676.7 ± 7.4
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4 .3 .3  S im u ltaneous  sam p ling  o f  th e  Mendip S p r in g s
A survey o f z^^Rn content o f various groundwaters from springs 
and boreholes around the Mendip H il ls  were ca rried  out on two occasions 
(spring and autumn, 1979). The re su lts  o f ^z^Rn content o f in v e s t i­
gated sources are reported in  Table 3.12. A considerable v a r ia b i l i t y  
in  the z^^Rn content o f these groundwaters was observed. These v a r i­
ations genera lly  f e l l  w ith in  the range 200 to 900 pCi 1” ^. There were 
some exceptions to  th is  genera lisa tion , which were observed from 
sources in  Old Red Sandstone. The highest z^^Rn contents observed were 
from West Twin Brook a d it  and Longwood which were 1850 and 1500 pCi 1"^ 
respec tive ly . This must be a ttr ib u te d  to ^z^Rn generation w ith in  the 
Old Red Sandstone wnich consists o f quartz and fe ldspar fragments held 
together by a cementing m a te ria l. The most common cements o f sand­
stone are s i l ic a  and carbonates. Andrews (1972) suggested th a t a rapid 
d iffu s io n  o f ^z^Rn can take place through the cementing m ateria l from 
deep w ith in  the fragments. Such d iffu s io n  having taken place e ith e r 
from the mineral fragments embeded w ith in  the cement or from the cem­
enting m ateria l i t s e l f .  The z^^Rn content o f waters from boreholes were 
genera lly higher than springs r is in g  through the Carboniferous Limestone, 
p a r t ic u la r ly  fo r  those boreholes which are located in  the Westward 
Mendips ( f ig .  4 .14). Also the highest ^z^Rn content observed, were from 
western and cen tra l parts o f the area which emerge from the Carboniferous 
Limestone around the foo t o f the h i l l s .  The ^z^Rn content o f sw alle ts 
and streams were genera lly lower than 60 pCi 1"^, excpet Swildon's Hole
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stream  w i th  a c o n te n t  o f  172 pCi 1” ^.
The T riass ic  errosion is  generally more extensive on western 
Mendip than in  the east. The extent o f karst development also gen­
e ra lly  fo llow s th is  W - E trend. Ind ica tions o f th is  are genera lly  
higher secondary p o ro s ity , conduit and fis s u re  flow  in  the west and the 
generally higher p^g waters in  the east.
There is  no s ig n if ic a n t va r ia tio n  in  the ^z^Rn contents o f the 
spring waters sampled in  spring , 1979 from west to  east ( f ig u re  4.14) 
However, as discharges were genera lly greater fo r  the western springs, 
decay w ith in  conduits and frac tu res  may have been more s ig n if ic a n t in 
the east. Since a l l  o f these samples were co llec ted  on the same day, 
any seasonal influences on the flow  pattern would have been s im ila r  fo r  
a l l  o f them. This would imply th a t the proportion o f slow-flow  per­
co la tion  re la t iv e  to  qu ick-flow  perco la tion and co n d u it/fis su re  flow  
on eastern Mendip is  greater than th a t fo r  western Mendip, but th is  must 
be regarded as a very general and q u a lita t iv e  conclusion.
The 222Rn contents o f groundwaters from below the water tab le  
(borehole samples) show a W-E trend, w ith  much higher ^z^Rn contents 
being found on W. Mendip. This could be explained as a consequence o f 
increased sub-water tab le  c irc u la tio n  on W. Mendip because o f the 
greater extent o f ka rs t development. This may more e ffe c t iv e ly  permit 
transport o f zz^Rn from the sub w ater-tab le  t ig h t  fra c tu re  system than 
can occur in  E. Mendip. The d iffe re n ce , however, may also be due to  
d ifferences in  the U d is tr ib u t io n  w ith in  the limestone or since there 
is  genera lly more T ria ss ic  cover in  the west, i t  could be caused by 
leakage o f high ^z^Rn content waters from the Triass in to  the boreholes.
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4 .4  The 222Rn c o n te n t  in  caverns  a i r
The 222Rn content o f a ir  samples from some Mendip caves were 
determined (see 3 .1 .4 ). The content varies from IpCi 1“  ̂ to
100 pCi 1“ ^. This large va r ia tio n  must be due to  va r ia tio n  in  the 
fo llow ing  fac to rs  which influence z^^Rn release:
1. Area o f rock surface exposed in  the cave.
2. The presence o f water in  the cave or on the rock surfaces.
3. The flow  o f a i r  through the cave.
The 222Rn content is  highest in  small caves espec ia lly  under
dry cond itions. For example, in  Shatter Pot (Swildon Hole: Table
3.16) the zzzRn content is  the highest observed. This cave is  a closed 
chamber o f volume about 250m^, is  exceptiona lly  dry and has l i t t l e  
a i r  c irc u la t io n . In con tra s t. Goat Church Cavern is  somewhat la rg e r 
( 400m^) but is  genera lly wet and the a ir  z^^Rn content is  low
(Table 3.16). In Boulder Chamber, Sidcot Sw alle t, the ^^^Rn content 
was higher a t the end o f the summer than ju s t  a fte r  the w in te r/sp ring  
seasons. I t  is  probable th a t the ^z^Rn content o f the a ir  in  these 
caves is  due to  d iffu s io n  out o f the rock surface and th a t th is  is  
reduced when the rock surfaces are wet.
Charter House spring o rig ina tes  in  the Old Red Sandstone and 
has a 222Rn content o f 1800 pCi 1"^ (Table 3.12) and i t  flows in to  a 
small cavern. The ^^^Rn content o f a ir  in  th is  cavern (Table 3.16) 
is  high (68 pCi 1"^) and th is  must be due to  outgassing o f the water 
system as i t  flows through.
The a ir  zzzRn content in cavern w ith in  G.B. Cave are genera lly 
low. This is  to be expected, since the volume o f the system is  very
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large and there is  a i r  movement throughout. Nevertheless, there is 
some c o rre la tio n  between the rock surface/volume ra t io  o f the caves 
and the a ir  z^^Rn content. (Table 4 .3 ). The caves w ith  the la rgest 
surface/volume ra t io  genera lly have the highest ^^^Rn contents and i t  is  
again concluded th a t d iffu s io n  o f z^^Rn from the rock surface is  the im­
portant c o n tro llin g  fa c to r. Rhumba A lle y  is  an area in  which there is  
considerable rock-surface coverage by speleothern and although i ts  
surface/volume ra t io  is  comparable to  th a t o f Entrance Chamber, the 
lower d iffu s io n  ra te  through speleothem and the fa c t th a t i t s  surfaces 
are genera lly wet, reduces the release o f ^z^Rn in to  the a ir  space.
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Table 4.3 The a ir  content and surface/vol urne o f space in G.B. Cave
Entrance Chamber
White Passage*

























* In v ic in i t y  o f sample c o lle c t io n , th is  opens in to  a much la rge r 
cavern.
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4 .5  The 222Rn measurement o f  w a te r  f rom  West Twin A d i t
The 222Rn contents o f water samples and a ir  samples from West Twin 
Brook A d it (Burrington A d it) were determined (Section 3 .1 .3 ). The 
zs^Th and content o f some rock samples from the a d it were also 
determined (Table 3 .15).
Water samples were co llec ted  on two occasions; 8th May and 29th 
Ju ly , 1979. These samples were co llec ted  from seepages in  the Lower 
Limestone Shales and in  the Old Red Sandstone. Samples were also c o l l -  * 
ected a t in te rv a ls  along the water channel ins ide  the a d it to  estab lish  
i f  there was any decline in  z^^Rn content along the a d it (Table 3 .13).
The seepages from both locations contain high z^^Rn, p a r t ic u la r ly  the 
water from the Old Red Sandstone, which has a ^^^Rn content o f 1500 
pCi/1. This is  one o f the highest known z^^Rn contents fo r  underground 
water in  the region. I ts  z^^Rn content is  qu ite  comparable w ith  th a t 
o f the Old Red Sandstone source a t Longwood (Table 3.12) co llec ted  on the 
same day. The uranium content o f the cementing phase o f sandstone is  
often higher than th a t fo r  the bulk rock (Rankama, 1968). Th is , together 
w ith the in te r s t i t ia l  perm eability  o f the rock can account fo r  the high 
222Rn content found in groundwaters from the Old Red Sandstone (Andrews 
and Wood, 1972). The bulk content o f both the Old Red Sandstone 
and the Lower Limestone Shales are s ig n if ic a n t ly  higher than th a t o f 
the Carboniferous Limestone (Table 3.15).
The 222Rn content o f water from the a d it channel decreases along 
i t s  length. The decrease is  more marked fo r  the greater water flow  
ra te , observed on May 8th (Figure 4 .15). During the fa s t flow  the 
222Rn content declined almost exponen tia lly , along the channel. For 

















200 160 120 80 40 0 m distance
Figure 4.15 The content loss along the A d it Channel.
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distance. The to ta l z^^Rn release along the channel can be calcu la ted
by the equation:
22 2Rn released to  a ir  = 2 2ZRn in flo w  to a d it  in  water
- 222Rn outflow  from a d it in  water
222Rn in flo w  is  due to  Old Red Sandstone and Lower Limestone Shale
seepages:
= 0.07 X 1529 pCi s“  ̂ from O.R.S.
+ 1.79 X 641 pCi s“  ̂ from L.L.S.
The amount o f ou tflow  is  equal to  1.86 x 76.2 pCi s"^
Net input ra te  in  a d it a i r  is  = 1112.7 pCis"^
= 1112.7 X 864 X 102 pCi day“ ^
= 9.61 X 10  ̂ pCi day-1
Net 222Rn released to  a ir  in  average life t im e  o f 222Rn
(T j/0 .693 = 5.52 days) = 9.61 x 10^ x 5.52
= 53.04 X 10  ̂ pCi
Where the volume o f a d it  is  577.2 x 10  ̂ l i t r e s ,  concentration o f 2 22Rn
in a ir  i f  i t  is  to ta l ly  mixed is  equal to  919 pCi I ' l .
Although th is  value is  much la rg e r than the average content in
a d it a i r  (200 pCi l ” i ) ,  i t  is  not the only source th a t supplies the
222Rn content o f a d it  a i r .  In fa c t the 222Rn d iffu s io n  through the
rock surface ins ide  the a d it must be considered.
The amount o f 222Rn generated from the content o f rock is  equal
to  0-7336 X [U] X 2.6 p^. ^^-3 o f rock
where [UDqĵ  ̂ is  3.15 ppm.
The 222Rp produced in  body o f rock = 2.7 pCi cm“  ̂ o f rock.




where is  the concentration o f ^z^Rn a t the surface, is  the con­
cen tra tion  o f 222Rn in the body o f rock a t distance x from the rock 
surface, and D is  the d iffu s io n  c o e ff ic ie n t and X is  the decay con­
s tan t fo r  222Rn (222Rn = 2.1 x 10"®s“ ^ ), The ^z^Rn d iffu s io n  coef­
f ic ie n t  in  c rys ta l la t t ic e  o f rock is  so small th a t radon released
a t rock surface would be n e g lig ib le .
For D = 10”  ̂ the net d iffu s io n  c o e ff ic ie n t o f z^^Rn through the rock 
section (see 2.6 ) ,  the d iffu s io n  length is  about 0.22 cm. Calculation 
shows th a t 37% o f ^z^Rn produced a t a distance o f 0.22 cm from the 
rock surface can reach the surface o f the a d it w a ll. The percentage 
o f 222Rn which can d iffu s e  out through the rock w ith in  a thickness o f 
1 cm can be given by so lu tion  o f the fo llow in g  d i f i n i  te in teg ra l
/
X = 1.0
^-/X/D  X dx = 
X = 0
= 2 1 %which is
Vx/D
Therefore the amount o f z^^Rn which can d iffu s e  through the rock 
during the average l ife t im e  o f can be ca lcu la ted as fo llow s
[222Rn] X S X 0.21
y
where
[222Rn] is  222Rn concentration (2.7 pCi cm"^ o f rock)
S is  surface area o f a d it  about 1.65 x 10^
V is  the volume o f a d it  (5.77 x 10® cmf)
(Hepworth, 1950)
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Therefore the amount o f ^z^Rn released through the surface in 
the a d it a ir  is  16 pCi 1"^ o f a ir .  The th e o re tica l ca lcu la tio n  shows 
th a t the amounts o f ^z^Rn released to the a d it a i r  by water and through 
the rock surface are, 9.2 x 10  ̂ pCi 1"^ and 16 pCi 1“  ̂ respec tive ly .
The major input o f ^z^Rn to  the a ir  is  therefore caused by s^^Rn tra ns ­
po rt and release from the water flow  ra the r than by d iffu s io n  from the 
rock surface. Natural a i r  c irc u la tio n  causes a reduction in  the theo­
re t ic a l release from the water flow s, to  the observed values o f
400 pCi/1 o f a i r  a t closed end o f the a d it and about 70 pCi/1 a t the 
entrance.
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4.6 222Rn content o f groundwater from The Berkshire Chalk
The 222Rn and ^^®Ra contents o f the Berkshire Chalk ground­
waters are given in  Table 3.19. The z^^Rn contents range from 15 to  
1060 pCi kg "i w ith  an average o f 71 pCi kg"^. The va r ia tio n  in  the 
222Rn contents may be a ttr ib u te d  to  aq u ife r v a r ia b i l i t y ,  there fore  
loca lised  aq u ife r parameters close to the ex trac tio n  po in t w i l l  con­
tr ib u te  to  222Rn content anomalies (Andrews and Lee, 1978).
The 222Rn contents o f waters from boreholes located in  the 
north-west part o f the area where the Chalk outcrops were low and th e ir  
values were in  the range 86 to  30 pCi kg” ^. Figure 4.17 shows th a t 
these boreholes are mostly d r i l le d  in  the Lower Chalk. From N-W to 
S-E, where the chalk is  ove rla in  by the Reading and London c lays, the 
222Rn contents gradually increase. A good c o rre la tio n  between zz^Rn 
content and the thickness o f Eocene deposits can be seen in  tab le
4.4 . Also the highest z^^Rn content was found in  the cen tra l part 
o f the region where i t  is  several miles away from the Clay/Chalk con­
ta c t .  A series o f ^z^Rn content zones i l lu s tra te d  in  Figure 4.16 
are a good proof o f th is  fa c t . Such re la tio n s  may be considered to  
occur by high content o f aq u ife r host rock which is  washed away 
by the groundwater through the Chalk and due to  loca l geochemical con­
d itio n s  has been deposited in  these rocks.
In comparison w ith  other boreholes in  the region, Stanford End 
shows enormous ^z^Rn content. Also i t  is  reported by Andrews (pers. 
comm.) tha t i t s  **He content is  considerably higher than the other 
boreholes (269 x 10"® cm® STP cm'^HgO). These anomalies can cast doubt 
in tha t some old groundwaters may be mixed lo c a lly  w ith  Chalk aqu ife r 
and the p o s s ib il i ty  o f some groundwater o f a deeper aqu ife r emerging 
from Green Sand cannot be ruled out.
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.4 C orre la tion  
LOCATION








B righ t Walton 4 54
Cold Ash 27 106
Old M ill Hotel 36 201
L i t t le  Park 65 359
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M i l l e n d
H e n l e y  Farm
C h i e v e l e y  P .S
i ^ C o l d  Ash P.S
W ol lha mpto n
{  Old M i l l  H o t e l  
y Uf t o n N e r v e t
FarmS h a l f o r d
A r b o r f l e l d  M i l l
S t a n f o r d  End
W e l l i n g t o n  Park
R. A. F  W e lf o r d
Bri  g h tw a 1 ton
D a i r y  R e s e a c h  I n s t .
^  S h i n f i e l d  R e s e a r c h  I n s t  
M i s s e l s  B r i d g e  
L i t t l e  Park Faj
S h e r f i e l d  Manor 
Red Land
Grey Well
Figure 4.17 Location of boreholes from N.W. to S.E. of the region.
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4.7 Dependency o f release w ith  rock p a r t ic le  size
The co rre la tio n  between the e ff ic ie n c y  o f release and
rock p a r t ic le  size was stud ied. For th is  purpose some igneous rocks 
from Iceland and some arg illaceous rocks (Keuper Marl and Tea Green 
Marl) from Winford, Avon, were investiga ted .
Assuming th a t the sample consists o f uniform spherical p a rt­
ic le s , the 222Rn release depends on the sp e c ific  surface area and the 
general equation fo r  Rn release is :
(Rn) = Cid"
where d is  the p a r t ic le  diameter, and Ci and n are constants. This 
formula may be re w ritten  as:
Log (% release) = n log d + Cg
The value o f n can be found by p lo tt in g  the lig r ith m  o f the percentage 
Rn release against the p a r t ic le  diameter, which produces a lin e a r 
graph w ith a slope equal to  n. Depending on whether the mechanism o f 
222Rn release is  d iffu s io n  through the c rys ta l la t t ic e  or ^^^Rn release 
which has taken place by d iffu s io n  in to  grain boundary and c rys ta l im­
p e rfec tio n , the values o f n are -1 or -0 .5 respective ly . (Lee, 1980).
The U content o f Ice landic rock, determined by delayed neutron 
a c tiva tio n  ana lys is , was found to be very low and ranged from 0.1 to 
1.24 pg g"^ o f rock. There was some concentration o f
U in  the smallest sized fra c tio n s . The extent o f Rn release fo r  the 
igneous rocks was much higher than fo r  the sedimentary rocks. Gen­
e ra l ly ,  up to 60% o f the zzzRn generated w ith in  the igneous rock was 
released, whereas fo r  sandstone and limestone the ^^^Rn release is  
genera lly less than 14%.
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LAVA FLOW: The e x te r io r o f lava flow  has genera lly about 5
times as much U as the in te r io r .  This shows tha t some concentration 
o f U in  the lava crust has occurred due to U movement from the in ­
te r io r  o f the flow  to the ox id iz ing  c ru s t. The release p lo ts
of both lava flows show s im ila r cha ra c te ris tics  w ith good lin e a r 
re la tionsh ips  above 500 pm fo r  the in te r io r  and above 300 pm fo r  the 
c ru s t, (Figures 4.18, 4 .19). The increase in the e ff ic ie n c y  o f z^^Rn
release above these values is  due to the p o ly c ry s ta llin e  nature o f the
m aterial above 300-500 pm. Diggusion o f ^z^Rn from the in te r io r  sur­
faces along grain boundaries and d is loca tions can then occur. The 
average c rys ta l size was found to be about 50-300 pm by microscopic 
examination.
PILLOW LAVA: There is  no marked con trast in the e ff ic ie n c y  o f
zzzRn release above and below the grain s ize . The release is
much lower than tha t o f the lava flow . Once again, a d isco n tin u ity  
occurs around the grain size (about 280 pm). The slope o f the ^z^Rn 
release is  c loser to -0.5 than -1 , and th is  probably re fle c ts  imperfect 
c ry s ta llis a t io n  in the p illo w  lava, so tha t c ry s ta llin e  d iffu s io n  
contro ls Rn release. (Figure 4.20).
TUFF: The slope o f Rn release is  s im ila r to p illo w  lava but has
somewhat higher %Rn release. The higher Rn release may re f le c t  the
f in e ly  divided nature o f the ae ria l d ip o s it. (F igure 4 .21).
OLIVINE BASALT: The 222^^ release is  up to  980% o f ^^®Ra gen­
erated from 238^ decay, which is  comparable w ith  other volcanic rocks 
reported by Oversby (1968) as a remarkable example o f rad ioactive  d is ­
equ ilib rium  in volcanic rocks from Mt. Vesuvius. These had a very
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large enrichment in  ^^®Ra, ind icated by a ^^^Ra/^^®U a c t iv i ty  ra t io  
o f 10.8. This suggests th a t ^^°Th could be enriched in  th is  young 
m id -a tla n tic  ridge ba sa lt, as a re s u lt o f Th/U fra c tio n a tio n  in  the 
c ry s ta llis a t io n  process, or by v o la t i l iz a t io n  o f uranium from the bas­
a l t ic  magma which can transport uranium as flu o r id e  (UFe) or carbonate 
complexes. (Condomines e t a l . ,  1982).
CALCITE FROM GEOTHERMAL WELL CORES: Anomalies in  the Ra/U ra t io
also occur in  c a lc ite  deposits from geothermal well cores from the 
volcanic deposits o f Iceland (Table 3 .27). The ^^®Ra/^^®U ra t io  is  
enhanced in  a l l  o f the core m ateria l examined and is  extremely high, 
73.1 in  the c a lc ite  scaling o f a geothermal w e ll. Such anomalies can 
be a ttr ib u te d  to the chemical behaviour o f Ra which resemble the a l­
ka line  earth metals. Therefore i t  may be expected to  co -p re c ip ita te  
w ith  c a lc ite  in  places where CÔ  is  lo s t at the surface or in  zones o f 
subsurface b o ilin g  and hence i t  becomes concentrated in  c a lc ite  depo- 
s ite s . The enhanced Ra/U ra t io  in  the cores suggests th a t subsurface 
c a lc ite  deposition has been accounted as a consequence o f subsurface 
b o ilin g .
TRIASSIC MARLS: The ^^®Ra content o f T riass ic  sediments from
W inford, Avon, (Keuper Marl and Tea Green Marl) fo r  various p a r t ic le  
s izes, were determined. (Table 3 .29). The average U content o f the 
Tea Green Marl was less than tha t o f the Keuper Marl (4.4 and 5.5 ppm 
re sp e c tive ly ). Although the average percentage o f ^z^Rn release from 
Tea Green Marl was higher than th a t o f the Keuper M arl, (29% and 16% 
re sp e c tive ly ). The graphs o f log percentage o f ^z^Rn release against 
the log o f the average p a r t ic le  diameter are lin e a r fo r  both sediments
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(F igure 4.23 and 4 .24). The slopes o f both o f the graphs are <0.5 and 
suggest th a t ^z^Rn d iffu s io n  from clay mineral p a rt ic le s  is  occurring . 
The d iffu s io n  is  probably c ry s ta llin e  d iffu s io n  and there is  no e v i­
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CONCLUSIONS
Rn CONTENT OF CARBONIFEROUS LIMESTONE SPRING WATERS
The Rn content o f spring waters from the Carboniferous Limestone 
o f the Mendip H il ls  may be derived from the fo llo w ing  sources:
1. Inflows o f sw a lle t water.
2. Percolation o f water through the s o il zone.
3. Flow o f water in  the perco la tion flow  system o f the limestone.
I t  has been shown by measurement tha t the Rn content o f sw a lle t
in flow  is  n e g lig ib ly  low. Soil water which has a residence time o f 
greater than 25 days has been shown to contain high Rn contents. During 
high r a in fa l l  periods the s o il water Rn content is  reduced due to the 
shorter residence time o f the water but in  some conditions perco la tion 
water from the s o il zone may con tribu te  a s ig n if ic a n t input to  the ground­
water Rn content. Such an Rn input however, would decay w ith in  20 days 
so th a t the Rn contents o f groundwaters w ith residence times longer than 
th is  must be wholly derived w ith in  the perco la tion system in  the rock.
The response o f spring water Rn contents to  ra in fa l l  has been shown to  
be dependent upon the re la t iv e  importance o f conduit and perco la tion 
flow  w ith in  the p a rt ic u la r  spring system. Rn may decay s ig n if ic a n t ly  
w ith in  extensive conduit systems and can only be introduced in to  con­
d u it flow  by in flo w  from the perco la tion system. The extent to  which the 
la t te r  is  primed depends upon the extent to  which the fra c tu re  system 
is  saturated. The observed general seasonal increase in  the Rn contents 
o f spring waters during the w in te r is  there fore  a ttr ib u te d  to  an in ­
crease in  the sa tu ra tion  level in the percola tion system.
There are many short-term  responses o f Rn content to  ra in fa l l  
va r ia tio n  which are superimposed on th is  seasonal trend. Their de ta iled
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behaviour is  s trong ly  dependent upon the re la t iv e  importance o f con­
d u it and percola tion flow  in  the spring system.
Rn CONTENT OF PERCOLATION WATER IN CAVES.
The Rn content o f perco la tion water in  limestone caverns has been 
found to  be comparable to  groundwater Rn contents. The Rn content 
generally increases w ith  depth in  the cave system and th is  is  a t t r i ­
buted to the increasing extent o f the perco la tion system as depth 
increases. Percolation water from near cave entrances has, fo r  example 
got much lower Rn content than th a t from deep w ith in  the system (6.B. 
Cave) where values are as high as the highest groundwater Rn content 
in  the area.
Rn CONTENT OF AIR
The Rn content o f a i r  in  Mendip caverns and in  the man-made 
a d it a t Burrington Combe, has been studied in  re la tio n  to  the Rn 
release processes in  the wall rocks. The major proportion o f the a ir  
Rn content is  a tribu ted  to d ire c t d iffu s io n  from the rock surfaces 
ra ther than to  transport by and release from water in flow s. Higher 
a i r  Rn contents are found when the rock surface is  dry then when i t  is  
wet, suggesting tha t d iffu s io n  o f Rn from below the rock surface is  
important.
MECHANISM OF Rn RELEASE
The mechanism o f Rn release from the rock surface in to  ground­
water has been studied in laboratory s im ula tions. E a r lie r  work on the 
Carboniferous Limestone (Andrews and Wood, 1972) has been supplemented 
by a study o f Rn release from low radioelement-content igneous rocks
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from Iceland. The e ff ic ie n c y  o f Rn release as a function  size fo r  
fragmented rock has been shown to  be discontinuous a t sizes corres­
ponding to the rock gra in s ize . This has shown th a t in te rg ran u la r 
d iffu s io n  from below the rock/water in te rface  is  an important mechanism 
fo r  Rn release.
The Rn d iffu s io n  c o e ff ic ie n t in  Carboniferous Limestone has 
been determined experim enta lly. I t  has been found to  be about 
times greater than th a t fo r  in trag ranu la r d iffu s io n  in  c a lc ite .  This 
confirms the important ro le  o f in te rg ran u la r d iffu s io n  in  the release 
o f Rn to  groundwater.
Ra IN GEOTHERMAL SYSTEMS
The Ra content o f geothermal waters from the Ice landic geothermal 
f ie ld s  has been shown to  be very low and close to  the l im i t  o f anal­
y t ic a l p rec is ion . The radioelement contents o f some c a lc ite  deposits 
in  borehole cores from the Reykjavik f ie ld s  have been determined. The 
Ra contents o f th is  c a lc ite  has been found to  be considerably in  ex­
cess o f i t s  uranium content and th is  is  a ttr ib u te d  to  Ra trapping 
w ith  the c a lc ite  when flash ing  o f the geothermal f lu id  occurred.
SUGGESTIONS FOR FURTHER WORK
The importance o f d iffu s io n  processes fo r  determining the Rn 
contents o f groundwaters has been established. There is ,  however, a 
need fo r  new data on the d iffu s io n  properties o f various types o f 
rock m a trix . This could be obtained by determ ination o f fu r th e r d i f f ­
usion c o e ffic ie n ts  by the method described e a r l ie r .  This method could 
be improved by incorporating a s c in t i l la t io n  fla s k  w ith  the d iffu s io n
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c e ll so tha t Rn ingrowth could be continuously observed.
The e ffe c t o f water on the d iffu s io n  process from rock surfaces 
could be studied by a comparison o f Rn release in to  water w ith  the Rn 
released in to  a ir  in  a large scale a ir  permeameter.
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APPENDIX  A
T A B L E  1 Thorium—(4n)—series
Isotope i H alf-life






M e V 1 C
Thorium -232 1 141 x 10'° y
I
3 948 - -  24%  
4-007 —  76%
— 0 0 5 9  - -  0%/ 24 %
Radium -228
(M esothoriura-1)
6-7 y — —  0-04 —  100% — —
Actin ium -228
(M es o th o riu m -II)




lower energy —  41 %
0-057 to
1-64
(m any y ’s)
Thorium -228  
( R adiothorium )
1-91 y - 5 2  1% 
5 338 - -  28%  
5-421 —  71%
0-084 —  2 %  
others —  very weak
2 6 %
Radium -224  
(Thorium  X )
3-64 d 5-445 - -  5%  
56^1 -  95%
— 0 24 —  4 % 1%
Radon-220 ! 51-5 s 
(Thoron) ^
6-28 — ^ 1 0 0 % — — —
Polonium-216 I 0-158 s 
(Thorium  A )  | |
1
6 775 ------- 100%
? - -  0 04 %
Astatine-216 ! 3 x  lO'-* s 7 J 9  __ 0 0 4 % — — —
Lead-212 10-6 h 
(Thorium  B) j
0 33 ----------  80%,
0 57 - -  -~ 1 2 %  
others,
lower energy —  — 8%
0 12 - -  0 %  
0-24 —  ~ 3 6 %  
0 30 —  — 3 %
3 %




60-5 m 6CW - -  25%  
6-08 —  10%
others — 1 %
152 - -  5 %  
2 25 - -  54%  
others,
lower e n erg y—  5%
—  - 0 %
others —  very weak
0-79 1 most 
, > abundant
1.62 J
- 2 5 %
Polonium -212  
(T ho riu m  C ')




Thallium -208  




103 - -  1%  
125  - -  9 %  
152  - -  7:% 
1-79 —  19%
0 28 -  - - 3 %  
0 51 —  - - 8 %  
0 58 —  31%  
0 86 -  4 %  
- -  36%
- 1 %
- 1 %
^?Tho?fum  D ) — —
— —
All p c rc e n u g u  relaie to dU iniegralions o f Thorium -232








Uranium -238 4-5 X 10’ y ~ 4 - 2 -  100% — 0-048 -  0% 23%
Thorium -234
(UX,)
24-1 d 0-10 —  35%  




a —  10 
a — 0-2 
a —  2-5
Protoactinium -234m
(UXz)
1-18 m IT -  1 %
0-58 — -  1%
1-50 — —  9 %
2-3  1 --- 90%
0-75 \











U ranium -234  
(U II)
2-5 X  10  ̂ y 4-717
4-768
- -  28% 
- -  72%
— 0-051 -  0% 28%
Thorium -230
(Ion ium )
8-0 X 10" y 4-615
4-682
- -  24% 
- -  76%
— 0-067
others
-  0% 
— very weak
24%




— 0-188 -  ^-4%; - 2 %
Radon-222 3-825 d 5-48 —  —  100 % — — —
Polonium-218  
(R adium  A )
3-05 m 6-00 -------- 100% ? - -  0 02% — —
Astatine-218 1-3 s 6-70
6-65
-------- 0 02 %
--------0-001%
? — V. weak — —
Radon-218 1 9  X 10 7-13 —  very weak — 0 61 — very weak —
Lead-214 
(R adium  B)





others —  weak
Bismuth-214 
(R adium  C )
19-9 m — 5-5 — 0-04%
0 4  __ 9 %  
1 0  - -  23%  
1-51 -  40%  
1-88 —  9 %  
3-26 —  19%
0-61 1 most
1-12 > abundant 
1-76 j
14 others to 2-43 M e V
—
Polonium-214  
(R adium  C ')
1-6 X 10-" s 7-68 --------100% — — —
ThalIium -210  
(R adium  C l
1-3 m — 1-96 —  0-04% several —very weak —
Lead-210  
(R adium  D )
21 y — 0 -0 17—  85%  
0 -0 63—  15%
0-047 - -  - - 5 % - 8 0 %
Bism uth-2I0m  
(R adium  E)





(R adium  F)
138-4 d 5-305 —  — 100 % — 0-8 - - 1 2  X 10-)% —
Thallium -206  
(Radium  E l
4-2 m — 1-51-1 7 x 1 0 -"% — —
Lead-206 Stable — — — —
AU percenutgek rcim e lo  dU uiteA r>uoiu  o f UraOiutD-23S








Uranium -235 7-1 X 10» y 4-18
to
4-56
0-095 —  9 %  
0-143 —  12%  









Protcactinium-231 3-3 X 10" y 5-00 —  24 %  
others
0 0 2 7
0-29
others
Actinium -227 22 y 4-94 —  1-2%
0-04 —  r^ 9 9 % —
Thor.um -227
(Radioactin ium )
18-2 d 5-699 —  4 -0%  
5-708 — 8-7%  
5-712 — 5-0%  
5-755 —  21 % 
5-865 — 3-0%  
5-958 — 3-5%
5-976 —  24 %
6-036 —  23 %  
others — ~ 7 -8 %
0 - 0 5 -------- 7-5%
0-24 —  ~ 1 0 %  
many others, 
low  energy —  weak




Francium -223  
( Actinium  K ) ■
22 m 5-34 —  V. weak 1 15 -  - 1 % 0-05 —  weak 
0-08 —
021 -  
0-31 —
Radium -223  
( Actinium  X )
; 11-7 d - -  ^ 4 %  
5 602 —  24? / 
5-712 —  50%  
5-742 —  10-5%  
others —  13-1 %
0 12 - -  2 %  
0 14 -  4 %  
0 15 - -  5 5 %  
0-27 —  10%  
0-32 —  2-3%  
0-34 —  2-8%  






3-9 s 6-419 —  5 %  
6-547 —  13%  
6-813 —  82%
0-27 —  ~ 9 %  
0-40 —  - , 5 %
- 4 %
Polonium-215 
(A ctin ium  A )
1-8 X 10-) s 7-360 — '100%
? — 0-0005% — 1 _
Astatine-215 X lOr" s 8-00 —  V. weak — — —
Lead-211 
(A ctin ium  B)
36 m ~ 0 - 5  —  ~ 2 0 %  
13 9  —  - 8 0 %
0-40 — 6%
0 4 3  -  6 %  
0-83 —  13%
Bism uth-211 
(A ctin ium  C)
2-16 m 6-273 —  17%  
6 - 6 1 7 -------- 83% ? -  0 -3%
0-35 —  13% 4%
P olon ium -211 
(A ctin ium  O ')
0-52 s
6 % } -  
7 - 4 4 -------- 0-3%
0-57 —  weak 
0-89 -  „
Thallium -207  
(A ctin ium  C ')
4-79 m — 1-44 --------- 100% — —
Lead-207 
(Actinium D)
Stable — — — —
AU percenu«e« reU ia  lo  d itin ie e ra rio o i o f  tlm ilu n > -2 J 3
APPENDIX B
R ain fa ll chart from Priddy s ta tio n  fo re s try  commission 
S to c k h il l,  Priddy, W ells, Somerset
Date o f ra in fa l l  measurement Amount o f ra in fa l l  in
ten-day in te rva l (mm)
1st to 10th Nov. 78 4.3
11th to 20th Nov. 78 52.6
21st to 30th Nov. 78 14.3
1st to 10 th Dec. 78 41.3
11th to 20th Dec. 78 42.7
21st to 31st Dec. 78 44.9
1st to 10th Jan. 79 28.6
11th to 20th Jan. 79 36.6
21st to 31st Jan. 79 41.0
1st to 10th Feb. 79 46.3
11th to 20th Feb. 79 17.4
21st to 28th Feb. 79 10.2
1st to 10th Mar. 79 49.8
11th to 20th Mar. 79 55.1
21st to 31st Mar. 79 56.0
1st to 10th Apr. 79 49.1
11th to 20th Apr. 79 6.3
21st to 30th Apr. 79 36.4
1st to 10th May 79 56.7
11th to 20th May 79 20.1
21st to 31st May 79 140.8
1st to 10th Jun. 79 18.1
Date o f ra in fa l l  measurement Amount o f ra in fa l l  in
ten-day in te rva l (mm)
11th to 20th Jun. 79 2.6
21st to 30th Jun. 79 20.2
1st to 10 th Ju l. 79 9.5
11th to 20th J u l. 79 7.1
21st to 31st J u l. 79 47.9
1st to 10th Aug. 79 61.8
11th to 20th Aug. 79 87.2
21st to 31st Aug. 79 45.3
1st to 10th Sep. 79 13.1
11th to 20th Sep. 79 32.9
21st to 30th Sep. 79 6.3
1st to 10th Oct. 79 22.3
11th to 20th Oct. 79 12.2
21st to 31st Oct. 79 48.0
1st to 10 th Nov. 79 66.1
11th to 20th Nov. 79 14.8
21st to 30th Nov. 79 42.2
1st to 10th Dec. 79 42.3
11th to 20th Dec. 79 47.0
21st to 31st Dec. 79 58.0
